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REMARKS 

Reconsideration of this application is respectfully requested. 

Claims 35-46 and 48-50 have been canceled. Upon amendment, claim 47 is 
pending in this application. 

Claims 35, 37, 39, 41 , 43, and 45 were rejected under 35 U.S.C. § 102(e) as 
allegedly being anticipated by Chang (U.S. Patent No. 6,001,977). 

Applicants traverse the rejection for the reasons set forth in applicants' April 23, 
2004, Amendment and Response. Nonetheless, to expedite prosecution, applicants 
have canceled claims 35, 37, 39, 41, 43, and 45. Accordingly, this rejection is moot. 

Claims 35-50 were rejected under 35 U.S.C. § 103(a) as allegedly being 
unpatentable over Chang et al. in view of White et al. (U.S. Patent No. 4,677,054). 

Applicants traverse the rejection for the reasons set forth in applicants' April 23, 
2004, Amendment and Response. Nonetheless, to expedite prosecution, applicants 
have canceled claims 35-46 and 48-50, and will focus this response on claim 47. 

Claim 47 is a method for detecting HIV-1 and is fully supported in the present 
application and through the priority chain now claimed to Appln. Ser. No. 06/558,109, 
filed December 5, 1983. The earliest claimed priority date of Chang is August 22, 
1984. Consequently, Chang is not effective prior art with respect to claim 47. 

The Examiner's statements that "priority of invention to Chang has already been 
awarded and Applicant can no longer contest this point" and that "Chang is, per se, prior 
art" are not accurate with respect to the patentability of applicant's claim 47 over Chang. 
Interference estoppel is created by the failure of a party in an interference to move to 
raise an issue that could have been properly raised during the interference. The issue 
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of whether Chang might have priority to the subject matter of claim 47 could not have 
been properly raised by applicants during the interference because the subject matter of 
claim 47 would have been unpatentable to Chang under 35 U.S.C. §1 02(b). In May of 
1983, a paper by Barre-Sinoussi et al. was published in Science entitled "Isolation of a 
T-Lymphotropic Retrovirus from a patient at Risk for Acquired Immune Deficiency 
Syndrome (AIDS)" describing the detection of HIV-1 nucleic acid in cell-free 
supernatants of infected cells. Barre-Sinoussi et al., Science 220:868-871 at Fig. 1 
(Exhibit 1). May of 1983 is more than one year prior to Chang's earliest priority date of 
August 22, 1984. Thus, a claim to the same subject matter as applicants' claim 47 
would have been unpatentable to Chang under 35 U.S.C. §1 02(b). Consequently, 
applicants could not have properly raised the issue of priority with respect to the subject 
matter of claim 47. Accordingly, applicants respectfully request withdrawal of the 
rejection. 

Claim 47 was rejected under 35 U.S.C. § 1 12, first paragraph, as allegedly 
containing subject matter that was not described in the specification in such a way as to 
reasonably convey that the inventors had possession of the claimed invention at the 
time the application was filed. It is the Examiner's position that applicants have only 
disclosed a single species of a large genus, and that the claim does not indicate any 
common attributes of the sequences. 

Applicants traverse the rejection. Claim 47 is a claim for a method of detecting 
the presence of nucleic acid of a Human Immunodeficiency Virus Type 1 (HIV-1 ) in a 
biological sample. Applicants discovered that HIV-1 was a retrovirus (i.e., an 
extracellular RNA genome) and how to prepare and detect the presence of HIV-1 
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nucleic acid. Applicants* claimed method does not require a specific sequence for 
detection and will work with all species of HIV-1 . Many different well-known techniques 
could be used in the claimed method. As objective evidence of well-known techniques 
in the art for detecting viral RNAs at the time the application was filed, applicants 
provide herewith 1 1 exhibits. 

For example, Strickland et al., 1977 (Exhibit 2), detected retroviral RNA using 
reverse transcriptase and oligo(dT). Strickland et al. at 343-346. Tracy et al., 1980 
(Exhibit 3), detected retroviral RNA by hybridization with a [ 3 H]poly(dT) probe. Tracy et 
al. at 3793-3798. Cavalieri, 1974 (Exhibit 4), detected retroviral RNA by fluorescence 
measurements of the intercalation of ethidium bromide. Cavalieri at 1458-1461 . 
Herring et al., 1982 (Exhibit 5), and Berry et al., 1982 (Exhibit 6), detected viral RNAs by 
polyacrylamide gel electrophoresis and silver-staining. Herring et al. at 474-476; Berry 
et al. at 181-183. 

In addition, Katz et al., 1979 (Exhibit 7), detected retroviral RNA by in vitro 
translating the RNA in Xenopus oocytes and detecting the resultant proteins. Katz et al. 
at 448-449. Similarly, Philipson et al., 1978 (Exhibit 8), detected retroviral RNA by in 
vitro translating the RNA in reticulocyte extracts and detecting the resultant proteins. 
Philipson et al. at 197-198. 

Moreover, Weber et al., 1974 (Exhibit 9), detected retroviral RNA by electron 
microscopy. Weber et al. at 1887-1889. Bender et al., 1976 (Exhibit 10), detected 
retroviral RNAs by electron microscopy using an SV40-PoIy(dT) label. Bender et al. at 
595-605. Castleman et al., 1980 (Exhibit 11), detected retroviral RNA by electron 
microscopy using anti-nucleotide antibodies as probes. Castleman et al. at 4487-4498. 
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Also, Pedersen et aL, 1980 (Exhibit 12), detected retroviral RNA by digesting the 
RNA with RNase Ti and labeling and detecting the resultant oligonucleotides. 
Pedersen et al. at 350-364. 

Due to the nature of applicants' claimed method, the method will work regardless 
of insertions, deletions, and variations in the HIV-1 sequence. In this way, the nature of 
applicants' claimed method provides a common attribute for the claim. Accordingly, 
applicants submit that the claimed invention is fully disclosed in the specification, and 
respectfully request withdrawal of the rejection. 

Claim 47 was rejected under 35 U.S.C. § 1 12, first paragraph, as allegedly not 
reasonably providing enablement for detection of HIV-1 variants not disclosed in the 
specification. The Examiner concedes that the specification is enabled for detection of 
the specific HIV-1 sequence disclosed in the specification. 

Applicants traverse the rejection. Once again, claim 47 is a claim for a method of 
detecting the presence of nucleic acid of a Human Immunodeficiency Virus Type 1 
(HIV-1) in a biological sample. As shown by Exhibits 2-12, discussed above, many 
different well-known techniques could be used in the claimed method to detect HIV-1 
nucleic acid. There is no reason to believe that the claimed method would not work with 
all HIV-1 species. Contrary to the Examiner's assertions, the claimed method does not 
require a specific sequence for detection, and will work regardless of insertions, 
deletions, and variations in the HIV-1 sequence. Consequently, applicants respectfully 
submit that Examiner's characterization as the process being unpredictable is in error. 
Accordingly, applicants submit that no undue experimentation would be required to 
practice the claimed invention, and respectfully request withdrawal of the rejection. 
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Applicants respectfully submit that this application is in condition for allowance. 
In the event that the Examiner disagrees, he is invited to call the undersigned to discuss 
any outstanding issues remaining in this application in order to expedite prosecution. 

Please grant any extensions of time required to enter this response and charge 

any additional required fees to our deposit account 06-0916. 

Respectfully submitted, 

FINNEGAN, HENDERSON, FARABOW, 
GARRETT & DUNNER, L.L.P. 



Dated: December 15, 2004 By: — S\ ^ A 

SatVatore J.(Arfigo (~ \ 
Reg. No. 46^963 
Telephone: 202-408-4160 
Facsimile: 202-408-4400 
E-mail: arrigos@finnegan.com 
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isolation ui a i -i^v mpiiuiroptc neurovirus H um a rautriu 
at Risk for Acquired Immune Deficiency Syndrome (AIDS) 

Abstract. A retrovirus belonging to the family of recently discovered human T-cell 
leukemia viruses tHTLV)* but clearly distinct from each previous isolate, has been 
isolated from a Caucasian patient with signs and symptoms that often precede the 
acquired immune deficiency syndrome tAlDS). This virus is a typical type-C RNA 
tumor virus, buds from the cell membrane, prefers magnesium for reverse transcrip- 
tase activity, and has an internal antigen (p25) similar to HTLV p24. Antibodies from 
serum of this patient react with proteins from viruses of the HTLV-I subgroup, but 
type-specific antisera to HTLV-I do not precipitate proteins of the new isolate. The 
virus from this patient has been transmitted into cord blood lymphocytes, and the 
virus produced by these cells is similar to the original isolate. From these studies it is 
concluded that this virus as well as the previous HTLV isolates belong to a general 
family of T-lymphotropic retroviruses that are horizontally transmitted in humans 
and may be involved in several pathological syndromes, including AIDS. 



The acquired immune deficiency syn- 
drome (AIDS) has recently been recog- 
nized in several countries (/). The dis- 
ease has been reported mainly in homo- 
sex uaJ males with multiple partners, and 
epidemiological studies suggest horizon- 
tal transmission by sexual routes (2) as 
well as by intravenous drug administra- 
tion (J), and blood transfusion (4). The 
pronounced depression of cellular immu- 
nity that occurs in patients with AIDS 
and the quantitative modifications of 
subpopulations of their T lymphocytes 
(5) suggest that T cells or a subset of T 
cells might be a preferential target for the 
putative infectious agent. Alternatively, 
these modifications may result from sub- 
sequent infections. The depressed cellu- 
lar immunity may result in serious op- 
portunistic infections in AIDS patients, 
many of whom develop Kaposi's sarco- 
ma (/). However, a picture of persistent 
multiple lymphadenopathies has also 
been described in homosexual males (6) 
and infants (7) who may or may not 
develop AIDS (8). The histological as- 
pect of such lymph nodes is that of 
reactive hyperplasia. Such cases may 
correspond to an early or a milder form 
of the disease. We report here the isola- 
tion of a novel retrovirus from a lymph 
node of a homosexual patient with multi- 
ple lymphadenopathies. The virus ap- 
pears to be a member of the human 
T-cell leukemia virus (HTLV) family 
(9). 

The retrovirus was propagated in cul- 
tures of T lymphocytts from a healthy 
adult donor and from umbilical cord 
blood of newborn humans. Viral core 
proteins were not immunologically relat- 
ed to the p24 and pI9 proteins of sub- 
group I of HTLV (9). However, serum of 
the patient reacted strongly with surface 
antigen (or antigens) present on HTLV- 
I-infected cells. Moreover, the ionic re- 
quirements of the viral reverse transcrip- 
tase were close to that of HTLV. Re- 
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cently, a type-C retrovirus was also iden- 
tified in T cells from a patient with hairy 
cell leukemia. Analysis of the proteins of 
this virus showed they were related to, 
but clearly different from, proteins of 
previous HTLV isolates (JO). Moreover, 
recent studies of the nucleic acid se- 
quences of this new virus show it is less 
than 10 percent homologous to the earli- 
er HTLV isolates (//). This vims was 
called HTLV-1I to distinguish it from all 
the earlier, highly related viruses termed 




Fig. I. Analysis of virus from patient I on 
sucrose gradients. Cord blood T lymphocytes 
infected with virus from patient 1 were la- 
beled for 18 hours with ['Hluridinc (28 Ci/ 
mmole, A me rs ham; 20 |iCi/ml). Cell-free su- 
pernatant was ultracentrifuged for I hour at 
50,000 rev/min. The pellet was resuspended in 
200 ui of NTE buffer < 10 mM tris. pH 7.4. 100 
mM NaCl. and 1 mM EDTA) and was centri- 
fuged over a 3-ml linear sucrose gradient (10 
to 60 percent) at 55.000 rev/min for 90 minutes 
in an 1EC type SB 498 rotor. Fractions (200 
td) were collected, and 30 \i\ samples of each 
fraction were assayed for DNA polymerase 
activity with 5 mM Mg 2 * and poly(A) • oligo- 
<dT)i2.i« as template primer; a 20->U portion of 
each fraction was precipitated with 10 percent 
trichloroacetic acid and then filtered on a 
0.45-M.m Millipore filter. The 3 H -labeled acid 
precipitable material was measured in a Pack- 
ard 0 counter. 



here appears to also differ from HTL V- 
II. We tentatively conclude that this vi- 
rus, as well as all previous HTLV iso- 
lates, belong lo a family of T-lympho- 
tropic retroviruses that are horizontally 
transmitted in humans and may be in- 
volved in several pathological syn- 
dromes, including AIDS. 

The patient was a 33-year-old homo- 
sexual male who sought medical consul- 
tation in December 1982 for cervical 
lymphadenopathy and asthenia (patient 
I). Examination showed axillary and in- 
guinal lymphadenopathies. Neither fever 
nor recent loss of weight were noted. 
The patient had a history of several 
episodes of gonorrhea and had been 
treated for syphilis in September 1982. 
During interviews he indicated that he 
had had more than 50 sexual partners per 
year and had traveled to many countries, 
including North Africa, Greece, and In- 
dia. His last trip to New York was in 
1979. 

Laboratory tests indicated positive se- 
rology (immunoglobulin G) for cytomeg- 
alovirus (CMV) and Epstein-Barr virus. 
Herpes simplex virus was detected in 
cells from his throat that were cultured 
on human and monkey cells. A biopsy of 
a cervical lymph node was performed. 
One sample served for histological ex- 
amination, which revealed follicular hy- 
perplasia without change of the general 
architecture of the lymph node. Immu- 
nohistologicaJ studies revealed, in para- 
cortical areas, numerous T lymphocytes 
(OKT3*). Typing of the whole cellular 
suspension indicated that 62 percent of 
the cells were T lymphocytes (OKT3~), 
44 percent were T-helper cells (OKT4*), 
and 16 percent were suppressor cells 
(OKTV). 

Cells of the same biopsied lymph node 
were put in culture medium with phyto- 
hemagglutinin (PHA), T-cell growth fac- 
tor (TCGF), and antiserum to human a 
interferon (12). The reason for using this 
antiserum was to neutralize endoge- 
nous interferon which is secreted by 
cells chronically infected by viruses, in- 
cluding retroviruses. In the mouse sys- 
tem, we had previously shown that anti- 
serum to interferon could increase retro- 
virus production by a factor of 10 to 50 
(13). After 3 days, the culture was con- 
tinued in the same medium without 
PHA. Samples were regularly taken for 
assay of reverse transcriptase and for 
examination in the electron microscope. 

After 15 days of culture, a reverse 
transcriptase activity was detected in the 
culture supernatant by using the ionic 
conditions described for HTLV-I {(4). 
Virus production continued for 15 days 
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and decreased thereafter, in parallel with 
the deciine of lymphocyte proliferation. 
Peripheral blood lymphocytes cultured 
in the same way were consistently nega- 
tive for reverse transcriptase activity, 
even after 6 weeks. Cytomegalovirus 
could be detected, upon prolonged co- 
cultivation with MRC5 cells, in the origi- 
nal biopsy tissue, but not in the cultured 
T lymphocytes at any time of the culture. 

Vims transmission was attempted 
with the use of a culture of T lympho- 
cytes established from an adult healthy 
donor of the Blood Transfusion Center at 
the Pasteur Institute. On day 3, half of 
the culture was cocultivated with lym- 
phocytes from the biopsy after centrifu- 
gation of the mixed cell suspensions. 
Reverse transcriptase activity could be 
detected in the supernatant on day 15 of 
the cocuiture but was not detectable on 
days 5 and 10. The reverse transcriptase 
had the same characteristics as that re- 
leased by the patient's cells and the 
amount released remained stable for 15 
to 20 days. Cells of the uninfected cul- 
ture of the donor lymphocytes did not 
release reverse transcriptase activity 
during this period or up to 6 weeks when 
the culture was discontinued. 

The cell-free supernatant of the infect- 
ed cocuiture was used to infect 3-day-old 
cultures of T lymphocytes from two um- 
bilical cords, LCI and LC5, in the pres- 
ence of Polybrene (2 tig/ml). After a lag 
period of 7 days, a relatively high titer of 
reverse transcriptase activity was detect- 
ed in both of the cord lymphocyte cul- 
tures. Identical cultures, which had not 
been infected, remained negative. These 
two successive infections clearly show 
that the virus could be propagated on 
normal lymphocytes from either new- 
borns or adults. 

That this new isolate was a retrovirus 
was further indicated by its density in a 
sucrose gradient, which was 1 . 16, and by 
its labeling with [ 3 H]uridine (Fig. 1). 
Electron microscopy of the infected um- 
bilical cord lymphocytes showed charac- 
teristic immature particles with dense 
crescent (C-type) budding at the plasma 
membrane (Fig. 2). 

Virus-infected cells from the original 
biopsy as well as infected lymphocytes 
from the first and second viral passages 
were used to determine the optimal re- 
quirements for reverse transcriptase ac- 
tivity and the template specificity of the 
enzyme. The results were the same in 
all instances. The reverse transcriptase 
activity displayed a strong affinity 
for poly(adenylate * oligodeoxythymid- 
ylate) (poly(A) • oligoidT)!, and required 
Mg :+ with an optimal concentration <5 
mAf) slightly lower than that for HTLV 
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U4) and an optimal pH of 7.8. The reac- 
tion was not inhibited by actinomycin D. 
This character, as well as the preferential 
specificity for riboseadenylate • deoxy- 
thymidyiate over deoxyadenylate * de- 
oxythymtdylate, distinguish the viral en- 
zyme from DNA-dependent polymer- 
ases. 

We then determined whether or not 
this isolate was indistinguishable from 
HTLV-I isolates. Human T-cell leuke- 
mia virus has been isolated from cultured 
T lymphocytes of patients with T lym- 
phomas and T leukemias (for a review, 
see (9)]. The antibodies used were spe- 
cific for the p 19 and p24 core proteins of 



HTLV-I. a monoclonal antibody to p 19 
il 5) and a polyclonal goat antibody to 
p24 if 6) were used in an indirect fluores- 
cence assay against infected cells from 
the biopsy of patient I and lymphocytes 
obtained from a healthy donor and in- 
fected with the same virus. As shown in 
Table 1, the virus-producing cells did not 
react with either type of antibody, 
whereas two tines of cord lymphocytes 
chronically infected with HTLV (17) and 
used as controls showed strong surface 
fluorescence. 

When serum from patient 1 was tested 
against infected lymphocytes from the 
biopsy the surface fluorescence was as 



Table I. Indirect immunofluorescence assay. Cells were washed with phosphate-buffered saline 
(PBS) and resuspended in the same buffer. Portions (5 x 10* ceils) were spotted on slides, air- 
dried and fixed for 10 minutes at room temperature in acetone. Slides were stored at -80*C until 
use. Twenty microliters of either monoclooal anybody to HTLV pl9 (diluted 1/400 in PBS) or 
goat antibody to HTLV p24 (diluted 1/400 in PBS) or serum from patient 1 diluted 1/10 in PBS 
was applied to cells and incubated for 45 minutes at 1TC. The appropriate fluorescein- 
conjugated antiserum (antiserum to mouse, goat, or human immunoglobulin G) was diluted and 
applied to the fixed cells for 30 minutes at room temperature. Slides were then washed three 
times in PBS. Cells were stained with Evans blue solution for 15 minutes and then washed 
extensively with water before microscopic examination. 



Cell type 



Immunofluorescence (percent positive) 



Antibody to 
Pl9 



Antibody to 
p24 



Serum from 
patient I 



Normal blood lymphocytes 
N 10916 
LC, 

HTLV-producing cells 

C../PL 

C I0 /MJ 2 
Virus-producing cells from 

Patient 1 

LC, /patient I 

Patient 2 



+ (90 to 100) 
♦ (90 to 100) 



+ (90 to 100) 
+ (90 to 100) 



(90 to 100) 
(90 to 100) 

(90 to 100) 
(0.5 to 2) 
(90 to 100) 




Fig. 2. Electron microscopy of thin sections of virus-producing cord lymphocytes. The inset 
shows various stages of panicle budding at the cell surface. 
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intense as thai of the control HTLV- 
producing lines. This suggests thai se- 
rum of the patient contains antibodies 
that recognize a common antigen present 
on HTLV-I-producing cells and on the 
patient's lymphocytes. Similarly, cord 
lymphocytes infected with the virus from 
patient I did not react with antibodies to 
p!9 or p24. Only a minor proportion of 
the cells (about 1 percent) reacted with 
the patient's scrum. This may indicate 
that only this fraction of the cells was 
infected and produced virus. Alterna- 
tively, the antigen recognized by the 
patient's serum may contain cellular de- 
terminants thai show less expression in 
T lymphocytes of newborns. 

We also cultured T lymphocytes from 
a lymph node of another patient (patient 
2) who presented with multiple adenopa- 
thies and had been in close contact with 
an AIDS case. These lymphocytes did 
not produce viral reverse transcriptase; 
however, they reacted in the immunoflu- 
orescence assay with serum from patient 
1. Moreover, serum from patient 2 react- 



ed strongly with control HTLV-produc- 
ing lines (not shown). In order to deter- 
mine which viral antigen was recognized 
by antibodies present in the two patients' 
sera, several immunoprecipitation ex- 
periments were carried out. Cord lym- 
phocytes infected with virus from patient 
1 and uninfected controls were labeled 
with ( 33 S]methionine for 20 hours. Cells 
were lysed with detergents, and a cyto- 
plasmic 510 extract was made. Labeled 
virus released in the supernatant was 
banded in a sucrose gradient. Both mate- 
rials were immunoprecipitated by antise- 
rum to HTLV-I p24, by serum from 
patients 1 and 2, and by serum samples 
from healthy donors, Immunocomplexes 
were analyzed by polyacrylamide gel 
electrophoresis under denaturing condi- 
tions. Figure 3 shows thai a p25 protein 
present in the virus-infected cells from 
patient 1 and in LCI cells infected with 
this virus, was specifically recognized by 
scrum from patients t and 1 but not by 
antiserum to HTLV-1 p24 or serum of 
normal donors. Conversely, the p24 
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Ftg. 3. ImmuDoprecipiutxm of "S-Ubeled viral proteins. Cord Wood T-lympnocytes infected 
with virus from patient I were incubated overnight in culture medium containing one-fifth of the 
normal cooccntrations of methionine in -w^mum citeitnal medium, ("Stinethtoiune (1500 Q/ 
mmole, Amenham; 30 uCi/ml). and 10 percent dialyzed fetal catf scrum. The virus was purified 
by banding on a sucrose gradient as described in Fig. I. Labeled cells were resuspended in 10 ul 
of and then lysed with 90 uJ of RIPA buffer (18) containing aprotinin (500 U/ml; 

Zymofren. Speoa) at 4«C for 15 minutes. The supernatant of a 10,000* centrifugauoo of the cell 
extract was used for unmuiwprccipiutioo. A similar extract was made from HTLV-produang 
Q./PL ceils </7). (A) Portions (20 uJ) of cell extracts were mixed with 6 ul of serum, mcubated 
for 2 hours at 37«C and overnight at +4-C. Then , 60 uJ of a suspension of Protein A-Sepharose 
(10 mg/mi in RIPA buffer) were added. After 45 minutes of incubation at 4*C, unmunocom- 
pkxes bound to Protein A-Sepharose were washed five times with RIPA buffer by centrifuga- 
tion. heated for 3 minutes at IOO*C in denaturing buffer and electrophoresed on 12 J percent 
poiyacrybunide-SDS slab gel (19). Lanes I to 5: Extract of LC, ecus infected with virus from 
patient I and tested against I, serum from patient I; 2. serum from patient 2; 3. serum of a 
healthy donor; 4, goat antiserum to HTLV-Ip24; 5, normal goat serum. Lanes 6 to 10: C91/PL 
(HTLV-prodiicing) cell extract tested with: 6, serum from patient I; 7, serum from pattern 2; 
serum of a healthy donor, 4, goat antiserum to HTLV-Ip24; 5, normal goat serum. (B) Portions 
(20 id) of the band containing virus from patient I were treated with various antiscra and 
processed as described for ceil extracts. Lane I , serum from patient I ; 2, serum from patient 2; 
3, serum of a healthy donor; 4, serum of another healthy donor; 5, goat antiserum to HTLV- 
Ip24. Arrows indicate the p24-p25 protein. Molecular weights (in thousands) are indicated on 
the left. 
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present in control HTLV-infected cell 
extracts was recognized by antibodies to 
HTLV but not by serum from patient I . 
A weak band (lane 2. Ftg. 3B) could 
hardly be seen with serum from patient 
2. suggesting some similarities of the p25. 
protein from this patient's cells with 
HTLV-I p24. When purified, labeled vi- 
rus from patient I was analyzed under 
similar conditions, three major proteins 
could be seen: the p25 protein and pro- 
teins with molecular weights of 80,000 
and 45,000. The 45 K protein may be due 
to contamination of the virus by cellular 
actin which was present in immunopre- 
cipitates of all the cell extracts (Fig. 3). 

These results, together with the immu- 
nofluorescence data* indicate that the 
retrovirus from patient I contains a ma- 
jor p25 protein, similar in size to that of 
HTLV-I but different immunologically. 
The DNA sequences of these and other 
members of the HTLV family are being 
compared. All attempts to infect other 
cells such as a B-lymphoblastoid cell line 
(Raji), immature or pre-T cell lines 
(CEM, HSBi), and normal fibroblasts 
(feline and mink lung cell lines) were 
unsuccessful. 

The role of this virus in the etiology of 
AIDS remains to be determined. Patient 
1 had circulating antibodies against the 
virus, and some of the latter persisted in 
lymphocytes of his lymph node (or 
nodes). The virus-producing lympho- 
cytes seemed to have no increased 
growth potential in vitro compared to the 
uninfected cells. Therefore, the multiple 
Iymphadenopathies may represent a host 
reaction against the persistent viral in- 
fection rather than hyperproliferation of 
virus-infected lymphocytes. Other fac- 
tors, such as repeated infection by the 
same virus or other bacterial and viral 
agents may, in some patients, overload 
this early defense mechanism and bring 
about an irreversible depletion of T cells 
involved in cellular immunity. 
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Detection, Sizing, and Quantitation of Polyadenylated Ribonucleic Acid 
in the Nanogram-Picogram Range* 

Steven Tracy* and David E. Kohne 



abstract: A method is described for using very high specific 
activity [ 3 H]poly(deoxythymidylate) [[ 3 H]poly(dT)] to detect, 
size, and quantitate subnanogram amounts of nonradioactive 
polyadenylated RNA. Short (~100 nucleotides long) [ 3 H]- 
poly(dT) is hybridized to the poly(adenylate) [poly(A)] tracts 
in polyadenylated RNAs. The RNA may then be sized and 
quantitated by sucrose gradient analysis. The addition of the 
small [ 3 H]poly(dT) molecules does not significantly alter the 
s values of RNAs. The amount of [ 3 H]poly(dT) hybridized 
to polyadenylated RNA increases linearly with the amount 
of RNA. A room temperature hydroxylapatite (HA) method 
has also been developed to detect and quantitate poly(A)- 



Rly(adenylate) [poly(A)] 1 tracts in RNA may be detected, 
by utilizing the ability of poly(A) to hybridize with poly(ur- 
idylate)[poly(U)l or poly(deoxythymidylate)[poly(dT)]. A 
number of approaches have been developed for the detection 
and quantitation of poly(A) which depend on annealing ra- 
dioactive poly(U) or poly(dT) to the poly(A) tract (Gillespie 
et al., 1972; Fan & Baltimore, 1973; Kaufman & Gross, 1974; 
Sawin et al., 1977). The amount of poly(dT) or poly(U) 
hybridized to the RNA is then a measure of the poly(A) 
content of the RNA. A similar but slightly different poly(A) 
detection method ^mplpys the hybridization of oligo(deoxy- 
thymidylate) [oligo(dT)] to RNA fractions of a sucrose gra- 
dient. If poly (A) is present, an oligo(dT)-poly(A) complex 
is formed which may then be detected by monitoring cDNA 
synthesis by exogenously added reverse transcriptase 
(Strickland .& Hellman, 1977). Another variation involves 
hybridizing iodinated poly(U) to RNA and then treating with 
bisulfite which deiodinates nonhybridized poly(U) but not 
poly(U) hybridized to poiy(A) (Sawin et al., 1977). The above 
methods were also used to size the poly(A)-containing RNA 
by first sedimenting the RNA into a sucrose gradient and then 
detecting poly(A) in each gradient fraction by individually 
hybridizing aliquots of each fraction with radioactive poly(U) 
or poly(dT) (Rosbash & Ford, 1974; Sawin et al., 1977; 
Schlom et al., 1973). Radioactive homopolymers have also 
been used to detect homopolymer tracts present in higher 
organism DNAs (Shenkin & Burdon, 1972; Bishop et al., 
1974). 

The poly(A) detection sensitivity of the published methods 
ranges from 0.7 ng of AMV RNA detectable by, a reverse 
transcriptase method (Strickland & Hellman, 1977) to 1-10 
ng of various RNAs as assayed by hybridization with radio- 
active poly(U) or poly(dT) (Fan & Baltimore, 1973; Gillespie 
et al., 1972). None of the published methods demonstrated 

t From the Department of Biology, University of California, San Diego 
(ST.), and the Center for Neurologic Study (D.E.K.), La Jolla, Cali- 
fornia 92093. Received December 28, 1979. This work was supported 
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containing RNA after hybridization to radioactive poly(dT). 
S-l nuclease (S-l) analysis can also be used to measure the 
poly( A) content of polyadenylated RNA to less than nanogram 
RNA amounts. For both the S-l and HA approaches, the 
amount of [ 3 H]poly(dT) hybridized increases with the amount 
of RNA and the methods can detect to as little as 10" 12 g of 
polyadenylated RNA with [ 3 H]poly(dT). Greater sensitivity 
is possible with higher specific activity poly(dT). The ap- 
proaches presented here significantly extend the uses of ra- 
dioactive homopolymers to detect, quantitate, and characterize 
RNAs containing complementary homopolymer tracts. 



a proportional linear relationship between the amount of 
poly(A) present and the amount of radioactivity detected as 
being associated with the poly (A). 

The data presented here provide a solid base from which 
to use ( 3 H]poly(dt) as a powerful tool for the detection, sizing, 
and quantitation of nanogram quantities of poly(A)-containing 
RNAs. Three methods [the sucrose gradient, HA, and S-l 
nuclease (S-l) methods] are described which are useful for * 
detecting and quantitating the reaction of [ 3 H]poly(dT) with 
poly(A). Calibration curves constructed for each method are . * 
linear over at least l(^foW concentration range, Each method ^ 
is useful for a different aspect of detecting poly(A). The 7 
poly(A) detection sensitivity of these methods is very high. By .j 
use of [ 3 H]poly(dT) of 3.4 X 10 8 dpm per microgram specific 
radioactivity, the sensitivity of detection of poly (A)<ontaining 
RNA ranges from 1 to 50 pg depending on the RNA and the 
method of assay. The limit of detection of pure poly(A) is 
~0.1 pg. The sucrose gradient assay for poly(A) has been 
greatly improved by hybridizing the [ 3 H]poly(dT) to the RNA 
before sedimenting the RNA into a sucrose gradient. The 
gradient can then be fractionated directly into scintillation vials 
and assayed immediately for radioactivity. The [ 3 H]poly(dT) 
attached to the RNA does not measurably alter the s value 
of the RNA. This method can be done with as little as 0.1-10 
ng of RNA and greatly facilitates the characterization of 
extremely small amounts of poly(A)-containing RNAs. 

Materials and Methods 

Cells and Maintenance. Moloney murine leukemia virus 
(M-MuLV) infected 3T3 cells, clone 1, were a gift from M. 
Goulian. Feline leukemia virus (FeLV) (Theilen strain) in- 
fected feline lymphoblastoid cells, termed FL-74 (Theilen et 
al., 1969), were obtained from T. Kawakami. 3T3 and FL-74 
cells were grown as reported elsewhere (Van Beveren & 
Goulian, 1979; Theilen et al., 1969). 



1 Abbreviations used: Tris, tris(hydroxymethyl)aminomethane; PB, 
phosphate buffer, NaDodS0 4 , sodium dodecyl sulfate; Sarcosyl. sodium 
TV-lauroylsarcosinate; poly(dT) ( poly(deoxythymidylate); j»ly(U), l^y- 
(uridylate); poly(A), poly(adenylate); poly(C), poly(cytidylate); poly(OJ, 
poly(guanylate); EDTA, ethylenediaminetetraacetic acid; HA, hydrox- 
ylapatite. 

<g) 1980 American Chemical Society 
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Isolation and Purification of RNA. Murine embryonic 
a-fetoprotein (a-FP) mRNA was the gift of T. Tamaoki, 
Semliki Forest Virus (SFV) [ 3 H]RNA was the gift of I. 
Kennedy, and encephalomyocarditis (EMC) virus RNA was 
the gift of D. Rowlands. Polio virus was grown and RNA 
isolated as described (Kacian & Myers, 1976). Avian mye- 
loblastosis virus (AMV) was isolated from the serum of in- 
fected chickens as described by Myers et al. (1977). 

Poly(A)-containing viral RNA was isolated from disrupted 
virus on oligo(dT)-cellulose (OTC) (Collaborative Research; 
T-3) by a modification of the method of Smith et al. (1976). 
Concentrated virus in 0.1 M NaCl, 10 mM Tris, pH 7.5, and 
1 mM EDTA (TNE) was lysed on ice with 1% Sarcosyl (K 
and K Laboratories) in the presence of 200 Mg/mL proteinase 
K (E. Merck) for 15 min. The lysate was transferred to 37 
°C for 15 min and then cooled to room temperature. The 
lysate was made 6 M in NaSCN from a stock of 8 M NaSCN, 
shaken gently at room temperature for 5 min, and diluted to 
1 M NaSCN with OTCB (0.5 M NaCl, 10 mM Tris, pH 7.5, 
1 mM EDTA, and 1% Sarcosyl). The lysate was then dripped 
through a 3-mL bed of OTC in a sterile plastic pipet at a flow 
rate of 1 mL/min. The column was then washed with 30 mL 
of each of the following buffers: (1) 1 M "NaSCN and OTCB; 
(2) 4 M NaCl and 10 mM Tris, pH 7.5; (3) OTCB; (4) OTCB 
without Sarcosyl. Poly(A)-containing RNA was eluted with 
sterile glass-distilled water in 0.5-mL aliquots. The concen- 
tration of the RNA was calculated from the absorbance at 
260 nm (25 units = 1 mg of RNA). Nonradioactive RNA 
was aliquoted and frozen at -70 °C Radioactive RNA was 
aliquoted and stored at 4 °C. RNA isolated in this manner 
routinely had an A 2 to/A 2 so absorbance ratio greater than 2.0. 

Reverse Transcriptase Synthesis of [*H]Poly(dT). AMV 
reverse transcriptase was supplied from the Logistics Program 
]of NCI. [ 3 H]Poly(dT) was synthesized in a 50-uL reaction 
jn^^ih 0.4-mL Eppendorf conical polypropylene tubes. 
W Reagents were added in the following order at room tem- 
r perature, with the exception of reverse transcriptase: 29.75 
^uL of water, 2 ^L of 0.1 M sodium pyrophosphate, 4 fiL of 
f.l mM l 3 H]dTTP (50 Ci/mmol, 50 mCi/mL) (New England 
^Nuclear), 2 mL of 1 M KCI, 4 ^L of 0.1 M MgCl 2 , 2.5 /iL 
~ of 1 M Tris, pH 8.3, 2.5 mL of 0.1 M dithiothreitol.l mL of 
0.5% Nonidet P-40, 1.25 of 2 mg/mL poly(A)-oligo- 
|i( d T) 12 _i8 (Miles), and 1 (6127 units/mL) of reverse 
^transcriptase. The reaction mixture was then briefly vortexed 
||to mix and placed at 40 °C for 20 min. The reaction was 
| r stopped with 100 of 0.1 M EDTA, pH 7.5, and 2 mL of 
J 20% NaDodS0 4 and shaken once with 10:90 phenol^chloro- 
sTform. The aqueous layer was put over a 10-mL bed of 
I Sephadex G-100 (Pharmacia) in TNE and 0.1% Sarcosyl. The 
| excluded peak was made 30 Mg with purified glycogen and 0.5 
|M in NaCl and precipitated in ethanol overnight at -20 °C. 
|The precipitate was collected by centrifugation, suspended in 
"1200 pL of water, made 0.4 M in NaOH, and incubated at 60 
^ °C, 1 h. This mixture was neutralized by passage over a new 
|Sephadex G-100 column as above. The eluting poly(dT) in 
pthe excluded volume was again ethanol precipitated, collected 
|by centrifugation, and resuspended in a convenient volume of 
|0.01 M each of NaCl, Tris, pH 7.5, and EDTA, pH 7.5. The 
►ly(dT) was stored at 4 °C. 

The average length of the [ 3 H]poly(dT) as measured by 
denaturing gel electrophoresis was 150-170 bases. After 12 
|faonths of storage, the average length was 70 bases long (data 
iot shown). 

Hybridization Conditions. Samples of RNA for hybrid- 
lization with [ 3 H]poly(dT) were standardly annealed in 0.5 M 



VOL. 19, NO. 16, 1980 3793 

NaCl and 0.03% Sarcosyl at room temperature in 10-20 uL 
Sarcosyl or NaDodS0 4 (0.01-0.03%) was found to inhibit 
nonspecific sticking of the pory(dT) l0 surfaces. MS-2 bac- 
teriophage RNA does not anneal to poly(dT) (Gillespie et al 
1972) and may be used as a carrier if desired. Unless noted' 
[ 3 H]poly(dT) was present in the reactions in at least a five- 
to sixfold excess relative to the expected amount of poly(AV 
in the RNA. The measured C 0 r 1/2 of the [ 3 H]poly(dT)- 
poly(A) reaction under these conditions was ~1 x 10"* mol 
s L-». Hybridization times were typically 30 min unless oth- 
erwise specified. For layering on sucrose gradients, reactions 
were then made up to 100 /*L with 0.5 M NaCl, 10 mM Tris 
pH 7.5, 1 mM EDTA, and 0.03% Sarcosyl. Reactions were 
diluted to 2 mL with 0.1 M PB and 0.02% NaDodS0 4 for 
hydroxylapatite (HA) analysis. ForS-1 nuclease analysis, the 
reactions were diluted to 1 mL with 0.3 M NaCl 0 05 M 
NaOAc, pH 4.5, and 0.003 M ZnS0 4 . 

Sucrose Gradient Analysis. Sucrose solutions were in 0 1 
M NaCl, 10 mM Tris, pH 7.5, and 1 mM EDTA. Linear 
5-20% (w/v) gradients were poured and centrifuged in a 
Beckman SW50.1 rotor, 45 000 rpm, 20 °C, for various times 
depending on the size of the RNA. Gradients were stopped 
without breaking to minimize mixing. Sucrose was RNase 
free (Schwarz/Mann), and all stock buffers were autoclaved 
prior to use. Gradients were fractionated from below directly 
into scintillation vials. To each vial was added 1 mL of water 
and 6 mL of Aquasol-2 (New England Nuclear) prior to 
counting in a liquid scintillation counter. For purposes of 
quantitation, a peak is defined by all material between the 
lowest levels of [ 3 H]poly(dT) on either side of the peak. 

Hydroxylapatite Analysis. RNA and ( 3 H]poly(dT) were 
hybridized at room temperature in 10-30 uL of 0.5 M NaCl 
or 1 M NaCl and 0.02% NaDodS0 4 for varying times. The 
reaction mixture was diluted with 1 mL of 0.1 M PB (phos- 
phate buffer composed of equunolar amounts of NaH 2 P0 4 and 
Na 2 HP0 4 ) and 0.02% NaDodS0 4 . The sample was passed 
rapidly over a bed of 0.5-1 mL of HA (HTP DNA Grade 
Bio-Rad) equilibrated with 0.1 M PB and 0.02% NaDodS0 4 ' 
at room temperature. A 3-mL wash of the same buffer eluted 
the unbound [ 3 H]poly(dT). Bound poly(dT)-RNA complexes 
were eluted with 3-mL washes of 0.3 M PB. The HA was then 
dissolved in 2 mL of 6 N HCl, and all the fractions were 
assayed for radioactivity. 

S-l Nuclease Analysis. Reaction mixtures were diluted to 
1 mL with S-l nuclease buffer consisting of 0.3-thL of NaCl 
0.003 M ZnS0 4 , and 0.05 M NaOAc, pH 4.5. To this was 
added 2 /xg of Escherichia coli DNA and 50 units of S-l 
nuclease (Calbiochem). The mixture was incubated at room 
temperature (20-24 °C) for 1 h and then assayed for acid- 
precipitable radioactivity. Both the acid-precipitable and 
acid-soluble fractions were collected and assayed for radio- . 
activity. 

Analysis of Hybridization Results. All quantitations of 
poly(A) results have been corrected for the self-reactive 
fraction of [ 3 H]poly(dT); the data presented have had the 
self-reactive fraction subtracted. One milligram of poly(A) 
represented 30 A 260 units, and 1 mg of biological RNA rep- 
resented 25 A m units. The specific radioactivity of the 
[ 3 H]poly(dT) was 3.4 X 10* dpm/ M g. Data presented as 
counts per minute represent a tritium counting efficiency of 
36%. 

Results 

Conditions for Hybridizing ?H\Poly(dT) to Poly(A) RNA. 
The salt concentration used for these reactions, 0.5 M NaCl, 
yielded close to optimum rates of hybridization at room tern- 
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Table I: Rates of Hybridiza tion of | 3 H]Poly(dT) with Poly(A) 

Q l/2 (mol s 
L' 1 ) (based 
(poly(dT)]/ [NaCl] on excess 
[poly(A)] (M) nucleic acid) 



excess poly (A) 
+ [ 3 H]poly(dT) 


0.059 
0.059 
0.059 


0.1 
0.5 
1 


1 X 10" 5 
6 X 10" 7 

l A 1U 


excess [ 3 H]poly(dT) 
+ 28 nucleotide long 
poly(A) 


9 


0.5 


8X lO" 7 


excess [ 3 H]poly(dT) 
+ poly (A) greater 
than 280 nucleotides 


9 


0.5 


1 X 10"* 


excess poly(dT) 
+ polio RNA 


10° 


0.5 


1 X 10"* 



a Poly(dT) excess was calculated over the amount of poly (A) in 
polio RNA. Hybridizations were performed and analyzed as de- 
scribed under Materials and Methods. 



Table II: Characterization of [ 3 H] Poly(dT) 0 



[ 3 H]- 
poly(dT) 
prepn 


assay 
method 


% reaction 
with excess 
poly(A) 


% reaction 
with an ex- 
cess of other 
RNAs 


% reaction 
when no 
RNA is 
added 


1 


HA 


84. 






1 


HA 




polio 84 




1 


HA 




MS-2 2.4 


2.3 


1 


HA 




2 


HA 


91.6 






2 


HA 






3.6 


3 


HA 


98 






3 


HA 






1.3 


3 


S-l 


92 






3 


S-l 






2.3 



? Newly made preparations 1, 2, and 3 of 1 3 H] poly(dT) were 
sized respectively at 4 S in alkaline sucrose. Reactions were as- 
y^Byfed by HA or S-l nuclease as described under Materials and . 
Methods. ( 3 H] Poly(dT) preparation 3 was self-reacted and passed 
twice over HA in 0.1 M PB at room temperature in order to reduce 
the amount of apparent self-reaction. Before passage over the 
HA, 6-7% self-reaction was observed. 



perature as measured by hydroxylapatite. Data regarding rates 
of hybridization of poly(dT) to poIy(A) are summarized in 
Table I. 

The [ 3 H]poly(dT) is used to detect the presence of a small 
amount of poly(A) attached to a large complex RNA mole- 
cule. The kinetics of reaction of [ 3 H]poly(dT) with the 
poly(A) of such an RNA molecule was examined by meas- 
uring the rate of hybridization of [ 3 H]poly(dT) with polio type 
1 RNA under conditions of a 10-fold excess of [ 3 H]poly(dT) 
relative to the amount of poly(A) present in the polio virus 
RNA. Polio virus contains ~ 0.6-1% poly (A). This is 
equivalent to a sequence consisting of ~ 50-85 adenine resi- 
dues/average molecule (Yogo & Wimmer, 1972; Hruby & 
Roberts, 1976). In 0.5 M NaCl, the [ 3 H]poly(dT) Cor 1/2 
[based on poly (A) content] of this reaction is ~ 1 X 10" 6 mol 
s L -1 or about the same as that seen for excess poly(dT) and 
poly(A) (Table I). 

Characterization of [*H)Poly(dT). [ 3 H]Poly(dT) produced 
as described under Material and Methods was examined for 
its ability to react with poiy(A), its ability to react with 
non-poly(A)-containing RNA, its self-hybridization charac- 
teristics, its ability to bind hydroxylapatite immediately after 
being denatured, and its size by alkaline sucrose sedimentation 
analysis. Table II summarizes these data. Different [ 3 H]- 
poly(dT) preparations self-reacted to an extent of 2-3% and 
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figure 1: Detection of different RNAs with [ 3 H]poIy(dT). (a) 6 
ng of polio virus RNA was annealed with 1.73 ng of [ 3 IJ]poly(dT) 
in 20 jiL of 0.5 M HC1 and 0.03% Sarcosyl at room temperature, ; 
20 min. The reaction mixture was made 100 mL with 0.5 M NaCl, 
0.03% Sarcosyl, 10 mM Tris, pH 7.5, and 1 mM EDTA and layered 
onto a 5-20% (w/v) linear sucrose gradient made in 0.1 M NaCl, 
10 mM Tris, pH 7.5, and 1 mM EDTA. Centrifugation was in a 
Beckman L5-50 ultracentrifuge with the Beckman SW50.1 rotor: 
45 000, 100 min, 20 °C, slow acceleration, and no brake. Gradients 
were fractionated from below directly into scintillation vials to which 
were added 1 mL of water and 6 mL of ACS (Fisher). Vials were 
counted in a liquid scintillation counter, (b) 10.5 ng of M-MuLV 
RNA was annealed with 1.73 ng of [ 3 H]poly(dT) t centrifuged, and 
assayed as in (a) except that centrifugation was for 45 min. (c) 1 .9 
ng of FeLV RNA was annealed with 1.73 ng of ( 3 H]poly(dT) and 
treated as in (b). (d) 22 Mg of MS-2 RNA was hybridized with 0.35 
ng of [ 3 H]poly(dT) in 100 mL of 0.5 M NaCl and 0.03 Sarcosyl for 
20 min at room temperatures The reaction mixture was centrifuged .3 
as in (a). The gradient was fractionated from below, 1 mL of water 
was added to each fraction, and the absorbance at 260 nm was read 
for the fractions. 6 mL of Beta Phase (WestChem Chemical Co.) 
was then added to each sample,, and the vials were counted in a liquid 
scintillation counter: (•) A 260 ; (X) [ 3 H]poly(dT) cpm. 

reacted to greater than 80% with an excess of poly(A) and 
polio RNA. No significant reaction of the [ 3 H]poly(dT) with 
an excess of RNA from the bacteriophage MS-2 could be 
detected. 

Sizing of Poly{A)-Containing RNA: Sucrose Gradient 
Analysis. The hybridization of [ 3 H]poly(dT) with the poly(A) 
portion of nonradioactive RNA permits the detection of na- 
nogram amounts of these RNAs. The size of these poly- 
(A)-containing RNAs labeled with [ 3 H]poly(dT) can be de- 
termined by sucrose gradient analysis. Figure 1 shows the 
result of one typical experiment detecting poly(A)-containing 
RNA with [ 3 H]poly(dT). Polio virus RNA, FeLV RNA, and 
M-MuLV RNA were hybridized to [ 3 H]poly(dT) in separate 
reactions and layered onto 5-20% sucrose gradients. Each 
RNA sedimented at its expected s value. Less than 20 ng of 
RNA was used for each of these experiments, an amount 
undetectable by standard spectrophotometric means. More 
than 20 ug of MS-2 bacteriophage RNA which contains no 
poly(A) was also reacted with [ 3 H]poly(dT) and analyzed both 
spectrophotometrically and as described above. The [ 3 H]- 
poly(dT) did not exhibit any binding to the MS-2 RNA which 
was detected in the gradient by its absorbance at 260 nm. 

It was expected that the amount of [ 3 H]poly(dT) actually 
hybridized to the poly(A)-containing RNA would not be 
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| Table III: Comparison of [ 3 H] Poly(dT)-Determined and 
Published s Values of RNAs° 







I 3 H]- 








poly(dT)- 


internally 




reported 


determined 


labeled 


RNA 


Vol 1 1 o f C\ 

value \o) 


value (b) 


value (S) 


M-MuLV 


60-70 b 


60 


60 


FeLV 


58 c 


58-60 


58-60 


AMV 


6S d 


58-63 


ND* 


SFV 


45' 


46 


46 


polio 


35' 


33-34 


ND 


a-FP mRNA 


18* 


18 


ND 



° [ 3 H]Poly(dT)-determined and internally labeled s values are 
relative to 18 and 28S rRNA markers. b Lai & Duesberg (1972) 
c Brian et al. (1975). d Erickson (1969). e ND = not deter- 
mined. ' Sonnabend et al. (1 967). g Bishop et al. (1 965). 
" Tamaoki et al. (1976). 



(o) [POLY A] >[P0LY dT] 



RNA POLY A POLY dT 

3$. moiety 

LTJ i i i i i i ] 3* 5'i i i i i i 3' 

AAAAAAA TTTTTT 
S3 ' ' ' J rT-»3' S'rn-rnS' 
AAAAAAA TTTTTT 

B V 

AAAAAAA ( . 

:■ *|3J » i ¥ 1 T ~n 9 

AAAAAAA 

5 ) iiii ii i 3 1 
AAA A AAA 



Free POLY dT tail 

J 

3' 6' 



Multitimtr formation possible. 
Free POLY A tail anneals 
with free POLY dT roil. 




i (b) [POLY A]< [POLY dT] 

LTJ i ■ 3' 5' 1 3' 

AAAAAAA TTTTTT • 

SI ■ r m i i >3 S'i ii i i 1 3* 

AAAAAAA TTTTTT 

•ttttTt 3 ; * 

5 TTTTTf 3 



3 

"^ttTtTTt 5, 



3Vt-£' , 3 ', i i i 1 5* 

T TTTTTT TTT 

AAAAAAA 

B 1 " ■ ■ ' ' '3' 



No free POLY A toils. 
Muttitimer formation 
not possible. 
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JJ1GURE2: Hypothetical interaction of poly (A) and poly (dT). Hy- 
bridization of poly(A) with poly(dT) in (a) poly(A) excess and 
■^folyWT) excess. 

%&&<^r: ^/- . ■ ■ ■ . .- 

flhough to markedly change the s value of the RNA. Smaller 
^NAs would be expected to reflect more change in s value. 
Ihe smallest poly(A)-containing RNA checked was murine 
-fetoprotein (a-FP) mRNA. When newly isolated, this RNA 
pras sized at 18 S by polyacrylamide gel electrophoresis (Ta- 
piaoki et al., 1976). This a-FP mRNA also contains the 
j&rgest fraction of poly(A), ~5%. This mRNA was repeatedly 
Ipd at 18-18.5 S with [ 3 H]poly(dT), indicating that satu- 
ration of as much as 5% of the total molecule with [ 3 H]- 
J>ly(dT) does not appreciably change the s value. A summary 
M [ 3 H]poly(dT)-determined s values for a variety of poly- 
|A)-containing RNAs is presented in Table III. These data 
|show a good correlation between [ 3 H]poIy(dT)-determined 
l&es and those reported by others using conventional methods. 
| : When using the [ 3 H]poly(dT) method to size and quantitate 
>ly(A)-containing RNA, it is important to hybridize the 
^NA to an excess of [ 3 H]poly(dT), relative to the amount of 
|>Iy(A) present in the RNA. Good results are obtained with 
N-10-fold excess of poly(dT). When the amount of polio 
Py(A) was in excess of the [ 3 H]poly(dT), some of the polio 
WA sedimented more rapidly than the main peak. Most of 
§e polio RNA is present in the main monomer peak which 
|s the s value expected for intact polio RNA. However, 
Ptional peaks which appear to be dimers. and trimers of polio 
RpA are also seen (data not shown). 
l|rhe reason for these multimer peaks may be explained by 
pheme such as that presented in Figure 2a. This figure 
'rays a case of poly(A) excess relative to poly(dT). In this 
poly(dT) does not saturate all the poly(A) available and, 
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figure 3: Sedimentation profiles of subnanogram amounts of 
[ 3 H]poly(dT)-labeled RNAs. (a) 0.3 ng of M-MuLV RNA were 
annealed to 1.73 ng of ( 3 H]poly(dT), sedimented, and assayed as 
described for Figure lb. (b) 0.5 ng of polio virus RNA was annealed 
to 0.26 ng of [ 3 H]poly(dT) in 20 M L of 0.5 M NaCl at room tem- 
perature, 30 min and then layered onto a 5-20% (w/v) linear sucrose 
gradient and centrifuged in the SW50.1 rotor: 45000 rpm, 85 min, 
and 5 °C. The gradient was assayed as in Figure la. 

consequently, poly(A) tails may exist. These may hybridize 
with poly(dT) already partially hybridized to the poly(A) 
region of a different molecule of RNA, with the result that 
a molecule of poly(dT) links two or more RNA molecules to 
form multimers. Poly(dT) at an excess will completely sat- 
urate available poly(A), leaving no free, unhybridized poly(A) 
tails. Figure 2b presents a schematic view of the poly(dT) 
excess situation. Sucrose gradient analysis at high salt con- 
centration and at low temperature may also encourage the 
formation of multimer peaks and also enhance the aggregation 
of RNA (Parrish, 1972). 

The [ 3 H]poly(dT) can be used to detect subnanogram 
quantities of poly(A)<ontaining RNA. Figure 3 presents the 
sedimentation profiles obtained by using 0.3 tig of M-MuLV 
RNA and 0.5 ng of polio RNA. The high molecular weight 
RNA peaks are readily apparent. The polio RNA peak 
contains ~5(X>600 cpm while the M-MuLV peak has - 1000 
cpm. The peak regions could be further separated from the 
nonhybridized [ 3 H]poly(dT) by using a longer gradient. 

It is at times useful to eliminate the nonhybridized [ 3 H]- 
poly(dT) before analyzing the sample on a sucrose gradient. 
This can be accomplished by first passing the sample over HA 
(Materials and Methods) in 0.1 M PB and 0.02%^aDodSO 4 . 
Under these conditions, the single-strand [ 3 H]poly(dT) will 
pass through the column while the [ 3 H]poIy(dT) hybridized 
to the RNA will adsorb to the HA. The adsorbed fraction 
can be recovered by high salt elution and analyzed on a sucrose 
gradient. 

[ 3 H]Poly(dT) may also be used to detect denatured RNA. 
Glyoxal denatures RNA and DNA by forming adducts with 
the guanine residues, preventing G-C base pair formation and 
thereby effectively denaturing the molecules (McMaster & 
Carmichael, 1977). [ 3 H]Poly(dT) may be used in conjunction 
with this method to label denatured polyadenylated RNA 
because glyoxylation does not affect the poly(A) sequence of 
the RNA (data not shown). 

Breakdown of a particular RNA preparation may also be 
rapidly assessed by using [ 3 H]poly(dT) by observing the profile 
of radioactivity on a sucrose gradient. One preparation of polio 
RNA which yielded 18S (alkaline) cDNA when transcribed 
with reverse transcriptase using oligo(dT) I2 ., 8 as the primer 
(Kacian & Myers, 1976) was shown to be 34 S in sucrose by 
using [ 3 H]poly(dT) (data not shown). A different preparation 
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RNA (gm} 

figure 4: Standard curves for quantitation of specific [ 3 H]poly- 
(dT)-labeled RNAs. The amount of [ 3 H]poly(dT) radioactivity in 
the gradient peak is plotted vs. the amount of RNA in the specific 
reaction: (A) a-FP mRNA; (O) M-MuLV RNA; (•) FeLV RNA; 
(X) polio virus RNA. 

which yielded 4-5S cDNA when transcribed in the same 
manner by reverse transcriptase showed no detectable RNA 
larger than the [ 3 H]poly(dT) itself. This RNA was not heated 
before reacting with the [ 3 H]poly(dT). The absence of any 
peak indicated that the RNA was badly degraded. 

The poly(dT) method may also be used to determine 
whether a poly(A)-containing RNA is completely intact; that 
is, none of its phosphodiester bonds have been broken. A 
situation often occurs where, only a few random nicks (i.e., 
breaking of phosphodiester bonds) of the RNA have occurred. 
Unless denatured, this RNA will remain intact and will give 
the proper s value when sized with [ 3 H]poly(dT). The nicks 
can be detected, however, by first denaturing the RNA and 
then reacting it with the [ 3 H]poly(dT) and sizing it. The 
resulting sedimentation profile will show RNA with a lower 
s value than expected. 

Quantitation of RNA Containing Poly(A) by [ 3 H]Poly(dT) 
Hybridization. If the proper calibration curves are available, 
the amount of [ 3 H]rx)ly(dT) present in a particular 
gradient peak can serve as a measure of the quantity of total 
RNA present in that peak. Construction of such a calibration 
curve involves determining how much [ 3 H]poly(dT) will hy- 
bridize with differing amounts of a particular poly(A)-con- 
taining RNA. Figure 4 presents such a calibration curve for 
a variety of poly(A)-containing RNAs. Varying amounts of 
each RNA were hybridized to an excess of [ 3 H]poly(dT) 
relative to the poly(A) present in the RNA. The reaction 
mixture was then subjected to sucrose gradient analysis, and 
the amount of [ 3 H]poly(dT) (counts per minute) in each peak 
was determined. The radioactivity in the peaks was plotted 
against the respective RNA concentrations. The results of such 
calibrations are depicted in Figure 4. 

It is apparent that there is an essentially linear relationship 
between the amount of RNA in the reaction and the amount 
of [ 3 H]poly(dT) hybridized to it. This relationship remains 
linear over a range where amounts of RNA differ by 100-fold. 
It is also clear that subnanogram amounts of poly(A)-con- 
taining RNA can be quantitatively assayed by this method 
(see also Figure 3). The results presented in Figure 4 show 
an internal consistency which speaks well for the accuracy and 
reproducibility of the method. The slope of each of the lines 
is equal to ~1.02. This indicates that an increase in the 
quantity of a specific poly(A)-containing RNA will result in 
an essentially proportional increase in the quantity of [ 3 H]- 
poly(dT) hybridized to the RNA. 

Hydroxylapatite and S-7 Nuclease Methods of Quant i- 
tatingRNA Containing Poly{A). The hydroxylapatite (HA) 
and S-l methods of detecting poly(A)-[ 3 H]poly(dT) hybrid- 




RNA (gm) 

figure 5: HA and S-l nuclease standard curves for quantitation of 
polio and a-FP RNAs. The cpm at each point has been corrected 
for the amount of self-reaction of the [ 3 H]poly(dT). Assays were 
performed as described under Materials and Methods: (A) a-FP 
mRNA assayed by HA; (O) polio RNA assayed by HA; (•) polio 
RNA assayed by S-l nuclease. 

ization add a useful dimension to the quantitation of poly- 
(A)-containing RNAs. These methods can be carried out more 
rapidly than sucrose gradients and have a much greater po- . . - 
tential sensitivity. 

Figure 5 shows a calibration curve constructed by hybrid- 
izing different amounts of a-FP and polio RNA to excess 
[ 3 H]poly(dT) and then analyzing the reaction mixtures by the 
HA method. The amount of [ 3 H]poly(dT) adsorbed to the 
HA is then plotted vs. the respective RNA concentration. 
These data show that there is an essentially linear relationship 
between the quantity of RNA and the amount of radioactive 
poly(dT) adsorbing to the HA. This linearity extends over 
a range where amounts of RNA differ by 1000-fold. The slope 
of the polio and a-FP lines is 0.98. These slopes indicate that ; 
an increase in the quantity of RN A result in a proportional^ , 
increase m the amouiit^ to the RNA.^ 

It is apparent that the HA method is much more sensitive 
in detecting small amounts of poly(A)rContaining RNA than 
the sucrose gradient approach. The most striking case is shown 
by the a-FP standard curve which ranges from 1 pg to 1 ng. 
In this case a total of 4 X 1(T 13 g of [ 3 H]poly(dT) (-40 cpm) 
was reacted in 0.01 mL of 1 M Nad with 1 X 1(T 12 g of a-FP 
mRNA which contains ~5 X 10" 14 g of poly(A). Because 
the concentration of [ 3 H]poly(dT) was so low, the time of 
incubation at room temperature was increased to 7 h. About 
20% of the input counts per minute adsorbed to the HA in 
these experiments. This is equivalent to —7-8 cpm. The 2c 
background of the counting system used was 16 ± 0.9 cpm 
(four different background vials, each counted for 45 min and 
the data averaged). The data point presented in Figure 5 for 
1 pg of a-FP RNA is an average of four different determi- 
nations. Each of the four separate determinations for the 1-pg 
point was counted for 65 min. The individual counts per 
minute values ranged from 21.9 cpm (1423 total counts) to 
24.5 cpm (1593 total counts). After the background. (16 ± 
0.9 cpm) was subtracted, these samples had 2c standard de- 
viations counts per minute values of 5.9 ± 1 .2 and 8.5 ± 1-2 
cpm. The average 2c standard deviation value was 7 ± 1-2 
cpm for the four determinations. A similar analysis was done 
for the 0.01-ng values for the polio RNA. The data p° int 
presented in Figure 5 for 0.01 ng of polio RNA is an average 
of six separate determinations. The range of values obtained 
for average points is shown by the solid lines above and below 
each point. 
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ff Table IV: Quantitation of Poly(A) by HA and S-l Nuclease 0 



tion of 
Tected 
s were 
i a-FP 
) polio 



RNA 



long poly(A) 
(greater than 
280 nucleotides) 



28 nucleotide 
long poly(A) 



polio type 2 





large 




[ 3 H]poIy(dT) 




[ngof [ 3 HJ- 




poly(dT) per 


assay 


ng of RNA 


method 


in hybrid] 


S-l 


0.88 


S-l 


1.0 


HA 


2.1 


HA 


1.8 


HA 


1.9 


S-l 


0.99 


S-l 


0.98 


HA 


2.6 


HA 


2.4 


HA 


2.4 


S-l 


0.006 


S-l 


0.006 


HA 


0.012 


HA 


0.013 


HA 


0.013 



small 

[ 3 H]poIy(dT) 
[ngof [ 3 H]- 

poly(dT) per 
ng of RNA 
in hybrid] 



0.93 
1.6 

0.84 
1.6 



0.0085 
0.011 



a The HA and S-l nuclease methods are described under Materi- 
als and Methods. Large [ 3 H] poly(dT) (preparation no. 3 in Table 
I) reacted with an excess of poly(A) and assayed by HA and S-l 
nuclease gave respectively 98 and 93.7% hybridization. Urge 
f HJpoly(dT) reacted by itself and assayed by HA and S-l nucle- 
ase gave respectively 1.3 and 2.4% hybridization. Small [ 3 H1- 
poly(dT) was the result of preparation no. 2 (Table I) aging 
Small [ 3 H]poly(dT) reacted with an excess of poly (A) and as- 
sayed by HA and S-l nuclease gave 40 and 26% hybridization 
respectively. The self-reaction of the small [ 3 H] poly(dT) was 3 6 
and 5.0% as measured by HA andS-1 nuclease, respectively All 
.reactions with large [ 3 H]poly(dT) were done at [ 3 H]poly(dT)/ 
poly(A) ratios of 4-7:1. Reactions with the small [ 3 H] poly(dT) 
■ were done at [ S H] poly(dT)/poly(A) ratios of 1 2-1 5 : 1 . The large 
and small [ 3 H]poly(dT) molecules were respectively 150-200 and 
;30-40 nucleotides as measured by alkaline sucrose sediment ation. 

p Figure 5 also presents a polio RNA calibration curve done 
|>y assaying with S-l nuclease in a manner similar to that 
^described by Fan & Baltimore (1973). There exists an es- 
sentially linear relationship between the amount of RNA and 
^he quantity of [ 3 H]poly(dT) hybridized to the RNA. The 
|slope of the S-l nuclease line in Figure 5 is 1.03. The sen- 
sitivity of poly(A) detection of this method should be similar 
Jto that of the HA method. 

W Quantitation ofPoly(A) Present in RNA. The poIy(A) 
^present in an RNA preparation can be quantitated by satu- 
rating the poly(A) with [ 3 H]poly(dT) and then determining 
gthe amount of poly(dT) hybridized to the RNA. The most 
|accurate quantitation values are obtained by the S-l nuclease 
^method. Table IV compares the S-l nuclease and HA 
: inethods. Known amounts of short (28 nucleotides long on 
^average) and long (greater than 300 nucleotides long) poly(A) 
^vere reacted with an excess of large (150-200 nucleotides 
f ong) or small (30-40 nucleotides long) [ 3 H]poly(dT). These 
toxtures were then assayed by S-l nuclease and HA. The 
r ass of [ 3 H]poly(dT) hybridized was calculated from the 
specific radioactivity of the [ 3 H]poly(dT), and the mass ratio 
J>f [ 3 H]poIy(dT) to poly(A) in the poly(A)-poly(dT) hybrid 
Jwas determined. The ratios obtained with the S-l nuclease 
giiethod were close to the ideal value of 1. These ratios ranged 
^from 0.84 to 1. In contrast, the ratios obtained with the HA 
toethod ranged from 1 .6 to 2.6. This high ratio indicates that 
extensive regions of single-strand poly(dT) are present in the 
>ply(A)-poly(dT) hybrid. These regions are destroyed in the 
1 1 nuclease assay. 

fti is clear that the S-l nuclease method is the preferred 
lethod for quantitating poly(A). Table IV also presents the 
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f 3 H]poly(dT)/RNA ratios for DoIWA^-nniv/'H'n i«,k«M„ 

SSf-SS \ 3U] ?WP was reacted with polio ty5, 
SJi'sTSi ;i? UC ^ S( ;? ata indicate ^t 0.6% of the jolio 
RNA i po ly(A). The HA method yields about twice this 

RNA i^r" 1 " 1 that k a » of ^ Poly(A) priem in !h 
RNA preparat.on is attached to the polio RNA, it can be 
ralculated that each polio RNA contains on the average 45^50 
A residues. This value is comparable to those obtained by 
other workers for picornavirus RNA (Yogo & Wimmer, 1972; 
Hruby & Roberts, 1976). *■"*■< 

Discussion 

The specific radioactivity of the [ 3 H]poly(dT) limits the 

S 14 ?TfK ,POl / (tfn USCd herC had a t * dSc radioactivity 
of 3.4 X 10« dpm/ Mg . At a 36% counting efficiency, this 

wffi^" te produced ^ synthesizing the poly(dT) 
with [ >P]dTTP or by «p end labeling poly(dT) w,Tpoly- 
nucleotide kinase (Richardson, 1971). Radioactive poly tfT) 
of a defined average size can also be produced by including 

ttVJEffi 6 qU .t mhy °f ^^yniidine triphosphate m 
the poly(dT) synthesis mixture. 

Sr?TLn 8 ^ be f? mes shorter w5th timc - Ev en I 3 H]poly- 
(dT) 30-40 nucleotides long on average can be used to detect 

a .1 2 Uantltatc poly(A) ' aIthou 8 h when tested only -40% of 
it hybridizes to an excess of poly(A). This small [ 3 H]poly(dT) 
has an advantage in that it does not promote multimer for- 
mation when reacted with an excess of polio RNA (data not 
shown). If quantitating RNA with such small pHlpoMdTV 

UISS rt T at ,east 3 sixfold exccss 0f thc 

pojy(di). A 6-fold excess of reactable small poly(dT) is 
equivalent to a 15-fold excess of the total population of small 

The hybridization of [ 3 H]poly(dT) to poly(A) occurs very 
rapidly at room temperature in 0.5 M NaCl even at very low 
concentrations. The RNA attached to the poly(A) tract does 
not appear to greatly affect the rate of reaction of poly(dT) 
with the poly(A). Similar rates of hybridization are seen for 
he reaction of an excess of poly(dT) with long (Q/ 1/2 = l x 
•Tm °n ^ a , nd Sh0rt (C ^'/2 = 8 X 10-7 mo i s I/ij poly(A) 
. 1 aWe 1} - 7 he k,netics are approximately pseudo first order 
in form. The poly(A) attached to polio RNA reacts at about 
the same rate (Q,^ 1 X Kr^molsL-; this assumes a polio 
RNA content of 0.6%). / 

The hybridization of radioactive homopolymers has been 
used by others (Rosbash & Ford, 1974; Sawin et al., 1977) 
to size poly(A)-containing RNA by first sedimenting the RNA 
into a sucrose gradient, then, fractionating the gradient, and 
then hybridizing each fraction to the homopolymer. The 
sucrose method described here is much easier since it involves 

fSSiii? " 6,m T re ? Ction - Sincc thc "ingle-strand 
[ H]poly(dT) is small, nonhybridized [ 3 H]poly(dT) does not 
migrate far into the gradient while the hybridized [ 3 H]p61y- 
(dT) sediments with the RNA to which it is attached 

Very small quantities of RNA can be sized and quantitated 
by using th^rocedure. A 0.3-ng amount of sedimented polio 
RNA resulted ,n a clearly visible peak containing -500-600 
cpm. Polio contains -0.6-1% of its RNA as poly(A). With 
d e rjf«h. e ^, 8n - 3 containin « 100-200 cpm is readily 
detectable. This would be equivalent to detecting -0.05-0.1 
ng of polio RNA. A key to detecting even smaller amounts . 
by this method is the ability to separate the RNA peak from 

wLnT.? 6 ? 1 " , ]P ° ,y(dT) in order 10 have no be- 
tween these two classes. This can be done in several ways 
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One may use a longer tube for the gradient analysis, or the 
hybridized [ 3 H]poly(dT)-RNA may be separated from the 
nonhybridized [ 3 H]poly(dT) before the gradient analysis with 
HA. Higher specific radioactivity poly(dT) may also be used. 
A 10-fold increase would result in a 10-fold greater detection 
sensitivity. 

The sucrose gradient, HA, and S-l nuclease methods can 
all be used to quantitate poly(A)-containing RN A. Standard 
curves constructed using purified RNAs are shown in Figures 
4 and 5. The slopes of these curves demonstrate that, over 
a 100-1000-fold range in RNA concentration, the quantity 
of [ 3 H]poly(dT) hybridizing to an RNA increases propor- 
tionally with the amount of RNA. The linear and proportional 
character of these curves show that the [ 3 H]poly(dT)-poly(A) 
hybridization reaction is behaving according to theory. 

A standardization curve should be constructed for each 
preparation of [ 3 H]poly(dT) and stock of purified RNA. 
When sucrose gradient or HA assays are used, the amount 
of ( 3 H]poly(dT) hybridized to a particular RNA can vary, 
depending on the size of the [ 3 H]poly(dT) and the integrity 
of the RNA. Table IV presents data regarding the effect of 
[ 3 H]poly(dT) molecular weight on the amount of poly(dT) 
hybridized to polio RNA. Large [ 3 H]poly(dT) (-150-200 
.. nucleotides long) and short [ 3 H]poly(dT) (-30-40 nucleotides 
long) were hybridized to large poly( A) (greater than 300 
nucleotides long) and small poly(A) (average of 28 nucleotides 
long). Since some poly(A)-containing RNAs have longer 
poly(A) tracts than others, this study was designed to find out 
whether the size of the poly(dT) or the poly(A) would greatly 
influence the values obtained in poly(A) quantitation. The 
HA data in Table IV show that the [ 3 H]poly(dT)-poly(A) 
hybrids contain 1.6-2.6 times more ( 3 H]poly(dT) than poly- 
(A). The ratio is higher for the large [ 3 H]poly(dT)-poly(A) 
combinations and lowest for the small [ 3 H]poly(dT) combi- 
nations. Therefore; small [ 3 H]poly(dT) will give fewer counts 
per.minute per nanogram of RNA than will larger poly(dT) 
^^ ;, m^iifci by HA ^ 

When the S-l nuclease assay is us^v^c Pp^W^'P 0 ^^) 
ratio is not greatly affected by the poly(A) size or the [ 3 H]- 
poly(dT) size. The nuclease will remove any single-strand 
[ 3 H]poly(dT) in the hybrid and may well destroy one strand 
of a two poly(dT)-one poly(A) triple-strand hybrid; RNase 
destroys one poly(U) strand of a two poly(U)-one poly(A) 
hybrid (Bishop et ah, 1974). The poly(dT)-poly(A) ratios 
obtained with the S-l nuclease method are close to 1 and range 
from 0.84 to 1.0. This indicates that S-l nuclease is the 
method of choice for precise quantitation of poly(A). 

The S-l nuclease and HA methods provide a measure of 
the total amount of poly(A) present in an RNA preparation 
while the sucrose gradient method measures the poly (A) 
present in a particular size class of RNA. The sucrose gradient 
and HA methods should therefore give comparable counts per 
minute per nanogram of RNA values if all of the poly(A) 
present in an RNA preparation is attached to RNA of the 
proper size class. A lower sucrose gradient value may indicate 
that breakdown of the RNA has occurred. This situation 
should also be reflected in the sedimentation profile of the 
[ 3 H]poly(dT)-labeled RNA. A lower value could also indicate 
the presence of free poly(A) or single-strand DNA. Higher 
organism DNAs contain -0.5% poly(dT)-poly(dA) sequences 
(Shenkin & Burdon, 1972; Bishop et al., 1974). Care should 
be taken to remove DNA before assaying for poly(A). 

The'techniques presented here should prove useful for sit- 
uations in which it is desirable to characterize much less than 
microgram quantities of polyadenylated RNA. We have 
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routinely used the sucrose gradient method to size nanogram 
amounts of polyadenylated RNAs prior to reverse transcription 
and in vitro translation, as well as specific polyadenylated 
RNAs annealed to [ 3 H]poly(dT) as sedimentation markers 
in sucrose gradients. This labeling method has also been used 
to size a-FP mRNA on neutral polyacrylamide gels and should 
be applicable to a wide range of gel techniques. In addition 
to characterizing purified RNA, we have developed a method 
for reacting [ 3 H]poly(dT) with detergent-disrupted retroviral 
particles in order to quantitate and detect the presence of 
retrovirus RNA and viral cores. This method can detect the 
presence of low levels of virus in tissue culture media. The 
HA method is routinely used to obtain a rapid estimate of 
poly(adenylate) content of purified RNA. Other radioactive 
homopolymers can be used in a similar manner and will be 
useful in specific situations. Gillespie et al. (1972) reported 
the use of [ 3 H]poly(Q to detect poly(guanylate) tracts present 
in polio virus RNA. We have used [ 3 H]poly(G) to size EMC 
RNA (data not shown) which possesses an internal poly(cy- 
tidylate) tract. 
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Multistep Mechanism of Codon Recognition by Transfer Ribonucleic 
Acid* 



Damian Labuda*^ and Dietmar Porschke* 



abstract: The mechanism of codon recognition by tRNA 
^ is investigated in the system tRNA Ph * + UUC by tempera- 
H ture-jump measurements using the Wye base fluorescence as 
M a label In 0.4 M Na + and 5 mM Mg 2+ a two-step reaction 
is observed and described quantitatively; UUC is shown to bind 
preferentially to one of two conformations on the anticodon 
loop. In 0.1 M Na + and 10 mM Mg 2 * an additional relaxation 



The 



le main step in the translation of a genetic message is the 
; : recognition of codons by adaptor molecules, the tRNAs. 
^Compared to the codons, the adaptors are large and complex 
^structures consisting of ~80 nucleotide residues and yet using 
only 3 of them for direct interaction with the codon. There 
p are several reasons for the rather high complexity of tRNA 
^molecules. tRNAs have to provide recognition sites during 
|numerous biological activities in which they participate (Clark, 
|1977). The following question arises, however. (I) Is tRNA 
Ja passive structure, which exposes a variety of sites for in- 
teraction with different components of the cell, or (2) does 
pRNA participate more actively in the decoding process? In 
^ttie second case the whole tRNA structure could modulate the 
Afteraction between codon and anticodon triplets and, con- 
versely, the interaction between codon and anticodon could 
1 igger some response in the remote parts of the molecule. 
In recent years much conflicting evidence has been presented 
>ncerning different conformations of tRNAs and their 
junction during translation. Two structural transitions are 
" tainly under discussion. 

_ The anticodon loop of tRNA may convert from the 3'- 
pstacked conformation, found in crystals [for review, cf. Rich 
|fc RajBhandary (1976) and Clark (1977)], to the 5'-stacked 
|Conformation. This transition, proposed by Fuller & Hodgson 
^1967), may be important during protein biosynthesis (Woese, 
||970). Recently, a relaxation process observed in tRNA 1 ?* 
* is been assigned to the conversion between the 3'- and 5'- 

icked conformations (Urbanke & Maass, 1978). 
k The second transition is the unfolding of the JVC loop 
induced by the codon-anticodon interaction (Ofengang & 
Ijenes* 1969;Shimuzu et al., 1969). The T*C loop is usually 
fidden due to tertiary interactions (Rich & RajBhandary, 
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effect is observed, which indicates a codon-induced confor- 
mation change leading to an association of tRNA molecules. 
The codon-induced tRNA association is demonstrated inde- 
pendently by equilibrium sedimentation. The present results 
suggest a more active role of tRNA during translation than 
anticipated. 



1976). According to oligonucleotide binding data, the TOCG 
sequence becomes exposed upon complex formation between 
codon and anticodon (Moller et al., 1979). Evidence for a 
codon-induced rearrangement of tRNA structure has also been 
obtained from chemical modification experiments (Wagner 
. & Garrett, 1979). Other measurements using different 
techniques did not give any evidence for codon-induced un- 
folding of tRNA (Yoon et al., 1975; Geerdes et al., 1978; 
Grosjean et al., 1976; Davanloo et al., 1979; Geerdes, 1979). 

In the present investigation the binding of UUC to its 
cognate tRNA"* is studied by temperature-jump spectroscopy 
and equilibrium centrifugation. The fluorescence of the Wye 
base, a native label located adjacent to the 3' side of th^ 
anticodon triplet (RajBhandary & Chang, 1968), is used to/f 
follow the reaction. The results indicate a four-step mechanism f\ 
of cbdbri recognition, involving two conformational changes 
and dimerization of tRNA. It shows that tRNA is not a 
passive adaptor but actively participates in the process of codon 
reading. y 

Materials and Methods 

tRNA Pbe from yeast and ApApA were purchased from 
Boehringer, Mannheim. The tRNA specific acceptor activity 
was 1.1 nmol/^260 unit. Highly pure tRNA Phc samples 
(specific activity of 1.5 nmol/y4 2 6o unit) were kindly given by 
Drs. M. Sprinzl and H. Faulhammer from Max-Planck-In- 
stitut fur experimenteile Medizin, Gottingen. The codon ol- 
igonucleotide UpUpC was synthesized as described by Sprinzl 
et al. (1976). tRNA" 1 * samples were dissolved in buffer AB 
(10 mM Tris-cacodylate, 400 mM NaCIO* and 5 mM Mg^ 
(C10 4 ) 2 , pH 7.1) or in buffer ABT (50 mM Tris-cacodylate, 
100 mM NaCI0 4) and 10 mM Mg(C10 4 ) 2 , pH 7.2) and an- 
nealed at 65- °C for 5 min as described by Grosjean et al...: 
(1976). For measurement^; of Mg 2 + concentration (c^) de- 
pendence, the cj^ was varied in ABT buffer as indicate^v fFor^ 
Cf£k 0,10.5 mM Na 3 EDTA was added instead of Mg 2 t4alt;^ 
The tRNA 1 ^ concentration (ctR>j A ) was calculated on the basls^ 
of its acceptor activity. The concentrations of UpUpC : (c(juQ 
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. The extent of double' strandedness of avian mveloblastrwf* vir,,« 7nc uma l 
are in a stable helical configuration Th; e V" 01 ? 011 * 168 °V 0i > RNA in solution 

have as much helicity as the parent molecule ^ ^ SUbUmtS theref ° re 



The RNA of oncornaviruses consists primar- 
ily of a high-molecular- weight species sediment- 
ing in the 60 to 70S range (5, 6, 16) It is 
apparently composed of three or four large 
subunits which dissociate upon heating or on 
treatment with dimethylsulfoxide (1, 5 15) or 
formamide (19). It is generally assumed that the 
subunits are held together by hydrogen bonds 
giving rise to double-helical regions in the 
molecule. However, the extent of the helicity 
and the conformation of the 705 RNA are 
uncertain, both within the virion and after 
isolation. 

Estimates of the helical content of the RNA 
have been made from its resistance to the 
specific single-strand nucleases (8, 9, 13, 14 20) 
The main disadvantage of this procedure is that 
these enzymes have not been fully character- 
ized. It is not known, for example, how long a 
helical region is required for resistance or what 
are the effects of internally melted or mis- 
matched regions. To determine the helical con- 
tent by a more precise procedure, we have used 
M?m e n° ence s P ectrosc <>Py- Ethidium bromide 
tbtJ) fluoresces intensely when it is intercalated 
between the base pairs of either RNA or DNA 
helixes, but not when it binds to single-stranded 
regions (2, 11). We have been able to determine 
on this basis the helical content of isolated 70S 
KNA directly from fluorescence measurements 
With the same methodology, we have also 
determined the helical content of the RNA as it 
exists within the virion. We have also shown 
that heating and then cooling of isolated 70S 
RNA does not lead to a decrease in helicity 
-implying that nearly all the helicity is within 
rather than between the subunits. 
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Materials. Avian myeloblastosis virus (AMV) was' 
supplied as plasma from infected chickens by Life 
Sciences, Inc. (St. Petersburg, Fla.). 
. Purified Reo virus double-stranded RNA (over 99% 
double-stranded) was kindly donated by M Kinsh 
nam (Roche Institute of Molecular NutiJ; 

of 2 M iS °M tGd fr °o m rat liver was a e ene 'ous gift 

F«n n ^ Ch ™ Cals Div ' ^ogul Corp., Chagrin 

Ca ftocf^T^A^^ B) Was P urc ^ed fi£ 
Calbiochem (Los Angeles, Calif ) 

Virus and RNA isolation. Plasma was stored at 

W t & aWed juSt prior *° use - opera- 
tions were performed at 0 to 4 C. After thawing, the 
Plasma was filtered through four layers of gauze and 
layered on top of a glycerol cushion, and lirus las 
pelleted onto the cushion by centrifugation at 25,000 

ffl * 1 H ^ S T™ rot0r - The virus was Elected 
from the cushion^ diluted threefold with buffer con- 
taining 0 01 M Tris-hydrochloride (pH 7.8), 0.15 M 
NaCl, and 0.01 M EDTA (TNE buffer), and layered 
over lmear 20 to 50% (wt/vol) sucrose gradients 
prepared in TNE buffer. AMV was isopycnically 
banded at 105,000 x g in an SW27 rotor to* 15 h£ 
4 ^ at which time the virus band was collected, 
suspended m TNE buffer, and pelleted at 150,000 x g 

Lt^A J 0 ™*' 70S mA was isolated b y the 
method of Kacian et al. (12). 

Methods. Fluorescence measurements were made 
with a Cary 50-026-900 differential recording spectro- 
nfT^T?' WUh { ? nt 8Urface iIlu *™tion at an angle 

P ii^ ?± exciting beam < 546 nm > * nd the 
emitted hght (602 nm). The illuminating light is 

th° k UP & a . Ch ° Pper and passed alternately 
through a rhodamine quantum detector (located in 
the sample compartment) and the sample. The signal 
displayed on the recorder is the ratio between these 
two signals, thus correcting for variation of light 
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intensity of the source. The ratio (V) of fluorescence 
intensity of bound EB to the intensity of free dye was 
determined for each RNA at 546 nm. For 28$ rRNA 
and 4S RNA it was 50; for Reo and AMV RNA it was 
70. No corrections for light scattering were found 
necessary at the concentrations and instrumental 
settings used in these experiments. Measurements 
were made on 1.1 ml of solution in a cuvette (2- mm 
path length). EB at a concentration of about 10* 7 M 
was added to the cuvette by an automatic pipette 
capable of delivering 1 to 200 ^liters. The concentra- 
tion of RNA in terms of phosphate was in the range of 
1 x 10" a to 10 x 10" 6 M. The buffer was a mixture 
of 0.1 M NaCl and 0.05 M Tris (pH 7.8). Measure- 
ments were made at 25 C. The combined instrumental 
and experimental error was generally less than 2%. 

RESULTS 

. The number (n) of EB-binding sites per nu- 
cleotide phosphate, and the strength of binding 
(k) are given by r/c = kn - kr, where r is the 
number of EB molecules bound per nucleotide 
phosphate at a free EB concentration of c. 
Clearly, n is the limiting value of r at infinite 
EB concentration. EB shows significant fluores- 
cence only when it intercalates between base 
pairs. Theoretically, a maximum of one EB 
molecule can be bound per two phosphate 
groups (i.e., n = 0.5), assuming that intercala- 
tion can occur between each pair of base pairs. 
Because of steric reasons, the actual number 
bound will always be substantially less than 
this. 

£. ' ■ The value of r is calculated from the intensity 
of fluorescence, I b , in the presence of RNA, as 
follows: r = IJ(k F) 9 where k = I o V/c 0 J 0 is the 
intensity of fluorescence in the absence of RNA, 
the other conditions being identical to those 
under which I b is measured. C 0 is the EB 
concentration (moles per liter), V is the ratio of 
intensities of bound and free EB, and P is the 
nucleotide phosphate concentration. (In a for- 

. mal way, k is identical to an absorbance extinc- 
tion coefficient.) 

Reo virus and 28S rRNAs. Reo virus and 
285 rRNAs have been chosen as models of 
known structure to provide a basis for estimat- 
ing the degree of helicity of 70S RNA. For this 
reason, we have determined complete EB-bind- 
ing curves for both RNAs (Fig. 1). The value of 
n (the number of EB molecules bound per 
phosphate at saturation) for Reo virus RNA is 
0.044, indicating that one EB molecule is inter- 
calated in the 100% double-stranded Reo virus 
RNA per 11.4 base pairs, or one EB per 23 
phosphate groups. The value of n for 28S rRNA 
is 0.012, indicating that 28S rRNA intercalates 
26% as much EB as the completely helical Reo 
RNA: The data for both nucleic acids are 
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Fig. 1. Binding of EB to various RNAs. Curve 1: 
Isolated 70S RNA at a concentration of 1 .32 x 10~*M 
phosphate. The concentration of EB ranged from 10.7 
x 10-* M to 214 x 10-* M triS'OJ M Nad (pH 7.8). 
Curve 2: AMV-disrupted virions in buffer containing 
0.1% NP-40. The phosphate concentration was 1.4 x 
10'* M. The EB concentration was the same as that 
for curve 1. Curve 3: 28S rRNA at a concentration of 2 
x 10~* M; EB concentration range 10.7 x 10~ 7 to 1€0 
x 10- 1 M. Inset: Reo virus RNA at a concentration of 
4.1 x 10~* M; EB concentration range 8.5 x 10' 1 to 64 
x 10- 1 M. 

represented by a linear .plot showing unique 
values for k (a measure of the strength of 
binding) and n in each case. Table 1 summa- 
rizes the k values and the number of phosphate 
groups per EB molecule (number is equal to 
l/n) for all RNAs examined. 

AMV RNA. The results for the binding of EB 
to isolated 70S AMV RNA are shown in Fig. 1 
(curve 1). The data are fit best with a straight 
line, which indicates that there is only one set of 
binding sites with a single binding constant. 
This means that all intercalation sites are 
essentially indistinguishable. The value for n is > 
0.022, or 1 EB per 45 phosphate groups. The 
same binding curve was obtained whether the 
RNA was used directly from the sucrose gradi- 
ent or first precipitated with alcohol and redis- 
solved. 

To test the possibility that structural changes 
might occur or that factors might be lost during 
the isolation of the 70S RNA, the same experi- 
ment was carried out with the intact virus and 
with Nonidet P-40-disrupted virions. The 
NP-40 dissociates most of the protein from the 
RNA, leaving a "core" structure containing 
some protein. The results should show whether 
the mere act of disruption gives rise to impor- 
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Sample 



Isolated 705 RNA 

Disrupted virion 
705 RNA 

705 RNA in virion c 

Isolated 705 RNA 
(pre-heated to 
55 C) 

Isolated 705 RNA 
(pre-heated to 
70 C) 

285 rRNA 

Reo virus RNA . . . 



n 


No. of 
phosphates 0 / 
EB molecule 




0.022 


45 


2.7 


0.025 


40 


1.7 




44 


ND d 


0.022 


45 


2.1 


0.022 


45 


2.1 


0.012 


84 


1.9 


0.044 


22 


5.5 



° The number of phosphate groups per EB molecule 
is the reciprocal of n, the value of r at the abscissa in 
Fig. 1 and 2. 

byn k ° btained by dividin e the ordinate intercept 

c 10 ^liters of a suspension of AMV (1.6 mg of 
protein per ml, 0.05 M Tris-0.1 M NaCl [pH 7.81) was 
added to 1.1 ml of 2.47 x 10" M EB in the same 
■ buffer The final 705 RNA phosphate concentration 
was 1.2 x 10-« M. 

d ND, Not determined. 

tant structural changes affecting the intercala- 
tion of EB. However, before doing this we had to 
determine the contribution to the intensity of 
fluorescence of the other RNAs which are pres- 
ent in the virion in addition to the 705 RNA: the 
4, 5, 7, 18, and 285 RNA components. Most of 
the non-705 RNA is of the 45 type; we found 
that one EB intercalates per 75 phosphate 
groups in 45 RNA (data not shown). This is in 
agreement with the results of Tao et al. (18) 
Thus, we were able to correct for the smali 
increment in the intensity of fluorescence due to 
this irrelevant RNA (which amounts to 20% of 
the total RNA in the virus [7]). The extent of 
intercalation in 28S rRNA is also low, as dis- 
cussed above. We did not determine the binding 
of EB to the 5, 7, or 18S RNAs, but since these 
RNAs comprise only about 8% of the total RNA, 
their contribution to the total fluorescence is 
low and can be neglected. We estimate this 
contribution to be about 2%, assuming that the 
extent of binding is about the same as for the 
45 and 285 RNAs. 

The results for the binding of EB to 705 RNA 
in NP-40-disrupted virions (Fig. 1, curve 2) 
again are fit best by a straight line, indicating 
that there is only one set of binding sites. The 
value for n (0.025), however, is slightly higher 
than that for isolated 705 RNA. We do not know 



the significance of this difference, if any. 

In the determination of a complete binding 
curve, increasing amounts of EB are added to a 
fixed concentration of RNA and then are ex- 
trapolated in both directions to infinite EB 
concentration and zero EB concentration to 
obtain n, the number of binding sites, and k the 
binding constant. In the case of the undisrupted 
virus, the RNA content of the virion is low, so 
that the amount of RNA required for binding 
studies at low EB concentrations produces a 
turbidity too high to permit meaningful mea- 
surements. That is, nearly all of the' fluores- 
cence is lost by light scattering. It is thus 
impossible to determine k. However, the value 
of n can be determined with a small quantity of 
virus and a large excess of EB. This procedure is 
tantamount to a direct determination of the 
number of EB molecules bound at infinite EB 

^c C ^ rati ° n * The value 6f n determined for 
706 RNA within the virion is 0.022, identical to 
that for isolated 705 RNA (Table 1). This 

^nl iC ^ eS that the secondar y structure of the 
70S RNA does not change upon isolation. 

Heated 70S RNA. Heating of 70S RNA re- 
sults in two specific changes (3). At 55 C at this 
ionic strength the molecule dissociates into 35S 
subunits, which are still active as primer-tem- 
plates in assays in vitro. At 70 C, virtually all of 
the 70S dissociates into 35S subunits and ap- 
parently small (<10S) primer RNAs are dis- 
sociated from these subunits with a concomi- 
tant loss of template activity. 70S RNA samples 
were heated to each of these temperatures in the 
cuvette and were cooled quickly in ice to mini- 
mize reannealing. The binding of EB to the 
heat-treated RNAs is shown in Fig. 2, where it is 
evident that the curves for the samples heated 
either to 55 C or 70 C are identical to that for 
unheated 70S RNA. Any destruction of helicity 
at 55 or 70 C is therefore largely reversible. 

DISCUSSION 

We have determined the binding constants 
and the number of sites at which intercalation 
of EB occurs for AMV 70S RNA in various 
physical states, using fluorescence measure- 
ments to indicate intercalation. It has been 
established that fluorescence results from inter- 
calation of the EB molecule between base pairs 
present in a helical structure, and not from 
binding to single-stranded nucleic acids (11). 
Our results are summarized in Table 1. The 
calculation of these parameters does not depend 
on any assumptions. The fact that all the data 
are expressible by straight lines shows that 
there is only one type of binding site, associated 



\ 



•O 4 



Fig. 2. 
RNA. Syt 
heated to 
as in Fig. 
heated at 
then quid 
25 C. 

with the 
been rep 
(11). 

By con 
70S RN/ 
complete 
degree of 
50%. Bee 
RNA mol 
lar weigh 
(11). How 
there are 
70S mole 
We have 
the degrei 
different 
ments rej 
RNA is < 
Reo virus 
various ot 
of this R] 
have been 
(4). We h 
lished dai 
larger tha 
then that 
base pairs 



J. Virol. 

:e, if any. 
mplete binding 
I are added to a 
.d then are ex- 
to infinite EB 
mcentration to 
sites, and k, the 
he undisrupted 
irion is low, so 
red for binding 
ms produces a 
eaningful mea- 
of the fluores- 
ng. It is thus 
ever, the value 
iall quantity of 
lis procedure is 
Jnation of the 
at infinite EB 
determined for 
22, identical to • 
able 1). This 
ructure of the 
isolation, 
f 70S RNA re- 
At 55 C at this 
•dates into 35S 
as primer-tern- 
virtually all of 
)units and ap- 
RNAs are dis- 
ith a concomi- 
» RNA samples 
•eratures in the 
in ice to mini- 
of EB to the 
%. 2, where it is 
amples heated 
cal to that for 
tion of helicity 
reversible. 



ling constants 
i intercalation 
I A in various 
nee measure- 
It has been 
Its from inter- 
een base pairs 
and not from 
ic acids (11). 
Table 1. The 
•es not depend 
t all the data 
s shows that 
:te, associated 



Vol. 14, 1974 



DOUBLE STRANDEDNESS IN AMV RNA 



1461 



O 4- 




0.004 



0:012 



0.020 



0.028 



Fig. 2. Binding of EB to heated and unheated 70S 
RNA. Symbols: O, unheated; □, heated to 55 C; x, 
heated to 70 C. The RNA and EB concentrations were 
as in Fig. 1. The cuvette containing the solution was 
heated at the indicated temperature for 3 min and 
then quick-cooled in ice. Measurements were made at 
25 C. 

with the fluorescence phenomenon. This has 
been reported earlier both for DNA and RNA 
(11). 

By comparing the number of binding sites for 
70S RNA to that for Reo virus RNA, which is 
completely double-stranded, we calculate the 
degree of helicity of the AMV 70S RNA to be 
50%. Because the molecular weights of these 
RNA molecules are high, differences in molecu- 
lar weight do not affect the binding properties 
(11). However, this value may be a minimum if 
there are also double-stranded regions in the 
70S molecule which are too short to bind EB. 
We have assessed this situation by comparing 
the degree of helicity of 28S rRN A calculated by 
different methods. The fluorescence measure- 
ments reported here indicate that 26% of 28S 
RNA is double stranded by comparison with 
Reo virus RNA. However, it has been shown by 
various other physical methods that about 60% 
of this RNA is helical (17), with regions that 
have been estimated to be 4 to 17 base pairs long 
(4). We have shown (L. F. Cavalieri, unpub- 
lished data) that helical regions equal to or 
larger than 10 base pairs bind EB. We deduce 
then that helical regions which are about 4 to 7 
base pairs long do not bind EB or do so very 



weakly, since 58% of the helicity of 28S rRN A is 
not observed by fluorescence. Any similar short 
helical regions in 70S RNA would not be regis- 
tered in the fluorescence measurements. The 
50% helicity observed must therefore corre- 
spond to longer stretches which are not tran- 
sient, thus implying a degree of comple- 
mentarity which is significant with regard to the 
information content of the RNA. Nearly all the 
helicity must be internal rather than between 
subunits, since it is reversible, as shown by the 
heating results. We are investigating this struc- 
tural aspect of the subunits, since it is undoubt- 
edly important in the role of the subunits as 
RNA messengers, as well as in their reverse 
transcription. 
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Rapid Diagnosis of Rotavirus Infection by Direct Detection of 
Viral Nucleic Acid in Silver-Stained Polyacrylamide Gels 
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A rapid simple technique for the diagnosis of rotavirus has been developed 
based on the sensitive detection of rotavirus double-stranded RNA genome 
segments separated in polyacrylamide gels. The method utilizes a recently 
described ultrasensitive silver stain for polypeptides, which can also detect 
subnanogram amounts of nucleic acid. The sensitivity of the technique is 
comparable with that of electron microscopy or enzyme-linked immunosorbent 
assay. 





Rotaviruses cause enteritis in a wide variety 
of species and have been intensively investigat- 
ed for more than a decade (reviewed 5, 14). As 
members of the Reoviridae (13), they have a 
double-stranded RNA (dsRNA) genome consist- 
ing of 11 segments ranging in molecular weight 
from approximately 2.0 x 10 6 to 0.2 x 10 6 (9). 
Electrophoretic analysis has revealed major dif- 
ferences in the mobility of the genome segments 
between virus isolates from different host spe- 
cies and minor differences between individual 
^ lates from the same species. Thus, genome 
electropherotyping has been the most common 
method for both taxonomic and epidemiological 
studies (9, 12, 18). 

Recently, several methods have been reported 
jWhich utilize silver staining for the ultrasensitive 
detection of polypeptides resolved by polyacryl- 
amide gel electrophoresis (PAGE) (16, 17, 20). 
jJVe used one of these methods (20) to monitor 
e purification of rotavirus from feces and 
Blind that the dsRNA bands were also stained 
ith high sensitivity. This result was consistent 
ith the well-described property of silver ions to 
form a stable complex with nucleic acids (7). 
Similar nucleic acid staining with another silver 
staining method has recently been reported by 
Somerville and Wang (22). 
In this communication we describe a diagnos- 
c test for rotavirus in feces based on this 
Jtrasensitive detection of viral dsRNA, which 
||liias the advantages of simplicity, economy, and 
f ipeed, and which simultaneously identifies the 
£jelectropherotype. 

MATERIALS AND METHODS 

£1 fecal specimens. Infected and control fecal speci- 
ds were obtained from cattle and human sources, 
bovine samples and two of the human samples 



were examined for rotavirus by electron microscopy 
(EM) and by enzyme-linked immunosorbent assay 
(ELISA). The ELISA was performed essentially by 
the method of Yolken et al. (25), using a hyperimmune 
rabbit serum raised against tissue culture-grown bo- 
vine rotavirus, with a neutralization titer of 1:10,240 
both to coat the wells and as a conjugate to detect 
antigen. Unconcentrated samples were examined by 
EM as described by Snodgrass et al. (21). The samples 
in the dilution experiment were coded and scored 
blind. The majority of the human specimens were 
kindly provided by the Edinburgh Regional Virus 
Laboratory. Rotavirus diagnosis had been carried out 
on these specimens by the cell culture method of 
Bryden et al. (2). 

Nucleic add extraction. Fecal samples were diluted 
1:4 by weight with 0.1 M sodium acetate buffer (pH 
5.0) containing 1% (wt/vol) sodium dodecyl sulfate; 
the normal sample size used was 0.25 g of feces, which 
provided enough extract for at least 10 separate analy- 
ses. An equal volume of a 3:2 (vol/vol) 'phenoP- 
chlorofonn mixture was added to the fecal suspension, 
and the sample was mixed for 1 min. ('Phenol' consist- 
ed of a mixture of 500 g of phenol, 70 g of m-cresol, 
and 200 g of water containing 0.5 g of 8-hydroxyquino- 
line.) The emulsified mixture was then centrifuged fop' 
10 min at 1,200 x g, and the resulting clear upper 
aqueous layer was removed. A sample was then 
prepared for electrophoresis by the addition of 10 yJ of 
25% (wt/vol) sucrose containing 0.2% bromophenol 
blue to 40 uJ of the aqueous layer. 

Occasional samples failed to yield sufficient clear 
aqueous layer, but it was found that either further 
centrifugation for 3 min at 16,000 x g in a microcentri- 
fuge (Mechanika Precyzyjna, type 320a) or the addi- 
tion of 0.5 ml of buffer followed by remixing and 
centrifugation at 1200 x g gave an ample clear layer. 

PAGE. The 50-pJ samples were loaded onto 5% 
polyacrylamide slab gels (acrylamide-to-bis-acrylam- 
ide ratio of 37.5:1) which were polymerized with 
0.01% (vol/vol) N,7Sr,N'^^tetramemylethylenedia- 
mine and 0.05% (wt/vol) ammonium persulphate. The 
gel and electrode buffer was 0.036 M Tris-0.03 M 
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sodium dihydrogen phosphate-0.001 M EDTA (pH 
7.8) Gel dimensions were 14-cm wide by 19-cm lone 
and 0.15-cm thick. It should be noted that the gel 
thickness is critical with the silver staining technique 

£2r ^l 1 "^ WeUs (0 6 by 2 0 cm > facilitated 
loading without the transfer of sample to neighboring 
wells. Electrophoresis was performed at room te^ 
perature for 16 h at 20 mA and 70 v!i„ S, 
experiments, one of the glass plates used to form the 
gel mold was treated with a 1% solution of Silane 174A 
u ethanol (Union Carbide Corp.) for 10 min, dried in 
air, nnsed in distilled water, and redried. This treat- 
men caused the gel to adhere strongly to the plate and 
greatly simplified its handling during staining 

Saver staining. The gels were stained by using a 
slight modification of the method Of Sammons et al 
(20). The initial fixation steps described for protein 
stsuning ; were omitted, and the gels were washed with 
10% ethanoM>.5% acetic acid for 30 min and then 
soaked m 0 011 M silver nitrate for 2 h. The gel was 
then nnsed briefly in distilled water, and the reduction 
• step was performed with a solution of 0.75 M sodium 
hydroxide containing 0.1 M formaldehyde and 0.0023 
M sodium borohydride. The bands appeared at this 
stage, and the reduction was continued until the bands 
were clearly visible for a maximum of 10 min. In our 
early experiments the gels were then placed in 0.07 M 
sodium carbonate, and the intensity of staining of both 
the bands and the background increased slightly in the 

1^ " S ^ B ? er tI ? nsfer - After 30 min > were 
placed in fresh carbonate solution. However, it was 
found that, , when using gels which were stuck to a 
glass plate with Silane 174A, an unacceptable degree 
ot background staining sometimes developed when the 
gel was placed in the carbonate solution. This could be 
prevented by treating the gel with a 5% acetic acid 
solution for 30 mm after the reduction and then 
transferring the gel to carbonate solution for storage 
Gels have been successfully stored, sealed in poly- 
thene bags, for up to 6 months. . . 

«„^ < £ t ^, S !? IUtionS f0r 0,6 sta "W were made from 
single distilled water and, with the exception of the 
initial fixation solution, were degassed before use The 
solutions were used in 200-ml volumes in a single 

ESLfT**,*^ and was *k«> to avoid 
touching the gel surface with ungloved hands. Con- 
stant agitation of the solutions throughout the proce- 
dure was achieved with a rocking bed destainer. The 

sasr^ by transmitted **• usin * a 

J^f*"! « «WA. Virus was purified 
from infected bovine feces essentially by the method 
described by Todd and McNuIty (24). and the dsRNA 
. eX £^ Wlth pheno1 md further purified by one 
Til 0 wi. C ^ Ul0Se ch ">n»tography (6) performed 
as desenbed by Bevan et al. (1). The resulting dsRNA 
was quantified spectrophotometrically. 
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FIG l^Jel electrophoresis of fecal nucleic acid 
extracts. Tracks 1 through 9, extracts of fecal samples 

from darrheic calves; tracks 10 through 12, extracts of 
feces from uninfected calves. 



RESULTS 

The results obtained by direct extraction of 
feces with phenol followed by gel analysis of the 
extract are shown in Fig. 1. The first nine 
samples were all from a herd affected with 
-ententis,-and eight-may-be clearly seen to con- 
tain the characteristic dsRNA segments of bo- 



vine rotavirus; the other three control samples 
were negative. As would be expected, the sam- 
pies from a single outbreak all showed the same 
electropherotype. Other bands were seen on the 
gels, especially near the origin where DNA 
forms a diffuse band, and occasional samples 
produced a continuous smear of stained materi- 
al; but neither of these effects interfered with the 
detection of the dsRNA. The rotaviral genome 
segments could be identified by the characteris- 
tic sharpness and unique pattern of the dsRNA 
bands. 

tsT^CA 16 ^ ofa com Parison between PAGE, 
JiLlfcA, and EM are summarized in Table 1 
together with the results of PAGE analysis on 24 
human specimens which had been tested for 
rotavirus by cell culture. There was complete 
concordance between PAGE and ELISA results 
and only a single conflicting result in the PAGE 
and EM results. The level of virus in this one 
sample was clearly low, as the dsRNA bands 
were faint. The results with the human samples 
similarly showed just one conflicting result, 
which was positive by PAGE; this sample was 
obtained from a patient who also yielded other 
samples which were positive by cell culture 

The sensitivity of PAGE was investigated by 
dilution experiments. A positive sample judged 
to contain an average level of viral dsRNA was 
serially diluted with a negative sample to give a 
range of viral concentrations from 12.5 to 0.2% 
of that in the original sample, but with approxi- 
mately the nprmal amount of contaminating non- 
viral material in each dilution. Extracts of these 
samples were analyzed by PAGE, and the re- 
sults are shown in Fig. 2. Rotavirus dsRNA 

H« 8 r C r tS n 4 were detected in dilutions 
down to 0.39%, but the lower-molecular-weight 

bai^s^j^pp^j^at.mehigherdUutions 

Figure 2 also shows the result of diluting the 
positive sample extract with electrophoresis 
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Bovine 
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TABLE 1. Comparison of PAGE with other methods of rotavirus diagnosis ' 
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No. of 
samples 




Diagnostic method" 




No. of samples 
in category 


PAGE 


PI 1QA 


EM 


Cell culture 


68 


+ 


+ 


+ 


ND 


41/68 








ND 


26/68 




+ 


+ 




ND 


1/68 


13 




+ 


ND 


ND 


5/13 






ND 


ND 


8/13 


2 


+ 


+ 


+ 


ND 


1/2 










ND 


1/2 


24 


+ 


ND 


ND 


+ ' 


18724 




ND 


ND 




5/24 




+ 


ND 


ND 




1/24 



e +, Positive; -, negative; ND, test not performed. 



buffer. All of the dsRNA segments were detect- 
ed at a level of 0.39% of the original positive 
material. 

A similar dilution series, using the same posn 
tive and negative feces and the appropriate 
buffers, was constructed and tested by ELISA 
and by EM (Table 2). EM was found to detect 
virus to a level of 1.56% of the original sample. 
The ELISA results are expressed as ratios of the 
positive and negative optical densities (P/N) as 
suggested by Yolken et al (25), who considered 
any value in excess of 2.1 to be rotavirus posi- 
tive. Table 2 shows two values of P/N for each 
dilution. The first, and higher value, was based 
on the optical density given by the particular 
negative feces used for dilution, and the second 
: ; is based on the optical density given by our 
standard uninfected feces. These data show the 
lution series positive to the 0.39% and L56% 
levels, respectively. Thus, with the methods 
rfised, the sensitivities of PAGE, EM, and 
ELISA were approximately equal. 
Z jOne further dilution series was investigated to 
cietermine the sensitivity of the silver staining 
jjnethod in absolute terms. Examination of gels 
loaded with a dilution series of purified dsRNA 
" showed that the detection limit of the silver stain 
for a single band was 300 to 400 pg. 

DISCUSSION 

The diagnosis of rotavirus infection has been 
achieved by a variety of methods (reviewed in 
10) based on either the direct visualization of the 
virion by EM or the detection of viral antigens 
by a wide diversity of immunological tech- 
niques, including the highly advanced and sensi- 
tive enzyme-linked fluorescence assay (26). The 
■ test described above is based on the direct 
extraction and detection of viral dsRNA. Two 
direct extraction methods have been reported 
previously, but both have been designed for 
epidemiological studies and genome analysis 
rather than for diagnosis. Clarke and McCrae (3) 



described a method based on end labeling of 
total fecal nucleic acid followed by CF11 cellu- 
lose purification of the dsRNA and analysis by 
PAGE and autoradiography. This procedure 
could detect rotavirus dsRNA with very high 
sensitivity, but is too protracted and expensive 
to use as a routine diagnostic test. Theil et al. 
(23) recently reported a method for the bulk 
extraction of dsRNA from large fecal samples (6 
ml), using CF11 cellulose as a batch procedure. 
Their results confirmed that directly extracted 
dsRNA was identical to virion dsRNA. It is an 
indication of the increased sensitivity of the 
silver staining method relative to ethidium bro- 
mide fluorescence that Thiel et al. (23) used the 
dsRNA from 0.4 ml of feces for a single analysis, 
whereas we routinely use the nucleic acid from 
only 0.01 ml of feces. 

Hie greatest advantages of the PAGE and 
silver stain method are its lack of ambiguity and 




FIG. 2. Gel electrophoresis of fecal nucleic acid 
extracts. Tracks 1 through 7, extracts of a dilution 
Series of bovine feces containing 12.5, 3.13, 1.56, 0.78, 
0.39, 0.2, and 0% of positive sample, respectively; 
tracks 8 through 11, four dilutions in buffer of the 
nucleic acid extract of the positive feces containing 
0.39, 0.78, 1.56, and 3.13% of the positive extract, 
respectively. 
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TABLE 2. EM and ELISA results on the dilution 
series of positive feces 0 



Positive feces 




Test 




in dilution 

(%) 




ELISA 


EM 


P/N [1] 


P/N [2] 


12.5 
6.25 
. 3.13 
1.56 
0.78 
0.39 
0.20 
0 • 


+ HI 
+ [16] 
+ tl] 
+ [2] 


9.12 (+) 
5.55 (+) 
4.79 (+) 
4.25 (+) 
3.53 (+) 
.2.28 (+) 
1.86 (-) 
1.0 (-) 


4.8 (+) 
2.92 (+) 
2.52 <+) 
2.23 (+) 
1.85 (-) 
1.20 (-) 
0.98 (-) 
0.53 (-) 



° The figures in brackets indicate the number of 
viral particles found in a standard 10-min search. 
Positive-to-negative (P/N) ratios are explained in the 
text. The test results (+ f -) are shown in parentheses. 



the fact tha} it provides information about viral 
electropherotype. Since the test detects the viral 
genome which has a unique number and pattern 
of dsRNA segments the results are unequivocal. 
None of the samples we have examined to date 
has given any spurious bands which could be 
confused with viral dsRNA. The only problem 
encountered in our early trials of the technique 
was the accidental transfer of sample to a neigh- 
boring well in the gel at the time of loading; 
certainly care is required at this stage, and 
accurate loading is facilitated by the use of deep 
sample wells. If confirmation of a weak positive 
result is required, the sample may be concentrat- 
ed very simply by ethanol precipitation; 

The unambiguous nature of a positive PAGE 
test contrasts with the difficulties in the interpre- 
tation of low-positive values in the ELISA. 
False-positive results have been reported to 
occur with ELISA (27), and it has been neces- 
sary to incorporate pretreatment of the samples 
with mild reducing agents (27) or additional 
controls with blocking antiserum (25), as is our 
practice. 

The fact that the PAGE and silver stain meth- 
od simultaneously produces an electropherotype 
is a feature which considerably enhances its 
value. In recent studies with a human virus the 
two distinct patterns which are seen for seg- 
ments 10 and 11 appear to correlate with two 
rn^jor neutralization subgroups of the vims (4, 
8). In addition, other m^jor surveys of human 
viral genome electropherotypes have revealed 
considerable minor variations (12, 18), and one 
study has suggested that isolates from neonates 
may be distinct (18). Lourenco et al. (12) noted 
the limitation that their clinical samples were too*" 
small to allow multiple electrophoretic analyses. 
Silver staining should permit far more economi- 
cal use of the dsRNA and has the added advan- 



tage that the low loadings required enhance the 
resolution obtained. The adoption of the gel 
method for diagnosis should lead to a rapid 
increase in our understanding of rotavirus epide- 
miology. The method avoids the problems posed 
by the recent discoveries of rotaviruses without 
the group antigen (15, 19) and may also reveal 
whether the virus can cross species barriers as 
was recently suggested by McNulty et al. (15).' 

Most of the samples we have studied to date 
would be suitable for electropherotype analysis 
without further purification, but those which 
give high backgrounds could be- conveniently 
purified by CF11 chromatography (1, 6). The gel 
system we describe above was selected to allow 
rapid staining of the gel after electrophoresis and 
not for maximum resolution of the dsRNA. 
Discontinuous buffer system gels (11) give the 
best resolution (18), but such gels require the full 
fixation and washing procedure described by 
Sammons et al. (20) to remove sodium dodecyl 
sulfate. Gels containing agarose cannot be 
stained by this method. 

The method has several other minor advan- 
tages. The initial phenol extraction is both viru- 
cidal and bacteriocidal and thus eliminates the 
biohazard and much of the unpleasantness asso- 
ciated with fecal samples. The apparatus and 
chemicals employed are relatively inexpensive, 
and there is no dependance on immunological 
reagents which are variable and expensive to 
purchase or prepare. 

The use of silver staining to detect nucleic 
acids in such low amounts should have consider- 
able application in the study and diagnosis of 
other viruses, but it is particularly applicable to 
dsRNA because of the very sharp bands formed 
by this species in PAGE and because of the ease 
with which it may be purified from complex 
mixtures by CF11 cellulose chromatography (6). 
We have already found the method most useful 
for the detection of DNA in velocity sedimenta- 
tion experiments and for the analysis of small 
restriction enzyme fragments. 
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The new ultrasensitive photochemically derived silver stain described for rtnlvn^t * • 

™ * L . . , s analyzed. The silver stain was about 10 to 30 tim« 

more sensitive than ethidium bromide for detecting reovirus dsRNA. 



A highly sensitive silver stain for visual- 
izing polypeptides in polyacrylamide gels has 
recently been developed by adapting methods 
of histology and photochemistry (1,2). The 
silver stain is about 100 times more sensitive 
than the conventional Coomassie brilliant 
blue stain for detecting polypeptides in gels 
and approaches the sensitivity of autoradio- 
graphic methods (1-4). 

During the course of study on the inter- 
feron-induced protein kinase that is acti- 
vated by double-stranded (ds) 2 RNA (5 6) 
we observed that the silver stain recently 
described for polypeptides (1,2) was also a 
highly sensitive stain for visualizing dsRNA 
in polyacrylamide gels. We believe that this 
observation may be useful to investigators 
studying the structure and function of pro- 
tein-nucleic acid complexes such as virus 
particles and other nucleoprotein complexes. 

MATERIALS AND METHODS 

Materials. Acrylamide was purchased 
from Eastman-Kodak and was recrystal- 
lized from chloroform prior to use; NJV'- 
methylenebisacrylamide was from Bio-Rad! 

' To whom correspondence should be addressed 
Abbreviation used: ds, double-stranded. 



Sodium dodecyl sulfate (NaDodS0 4 ) was 
obtained from Matheson, Coleman and Bell 
and was recrystallized from ethanol and 
washed with ether prior to use. N t N,N\- 
A^'-Tetramethylethylenediamine was from 
Sigma. Ethidium bromide was from Calbi- 
ochem, Coomassie brilliant blue R from 
Sigma or Serva, and methylene blue from 
Fisher or Sigma. All other chemicals were 
of reagent grade. 

Preparation of reovirions and reovirus 
double-stranded RNA. The Dearing strain 
of reovirus type 3 was grown in mouse L 
fibroblasts in suspension culture, and reovi- 
rions were purified from infected cells by 
Freon extraction, velocity centrifugation on 
sucrose gradients, and equilibrium centrif- 
ugation on preformed cesium chloride gra- 
dients (7). Reovirus genome dsRNA was 
isolated from purified reovirions by repeated 
extraction with NaDodS0 4 and phenol, 
ethanol precipitation, and centrifugation (8).' 
Virion concentrations were determined spec- 
trophotometrically, with 5.42 OD units at 
260 nm taken equivalent to 1 mg of virus 
(7). Protein concentrations were determined 
by a modification of the phenol reagent 
method of Lowry (9) with bovine serum al- 
bumin as the reference standard. RNA con- 
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centrations were also determined spectro- 
photometrically, with 16.7 OD units at 260 
nm taken equivalent to 1 mg of dsRNA (8). 

Electrophoresis. Standard conditions for 
electrophoresis using a discontinuous Tris- 
glycine-buffered NaDodS0 4 polyacrylamide 
gel system were essentially as described by 
Laemmli (10) and modified by Studier (11). 
Slab gels made with 16 X 18-cm glass plates 
were 0.75 mm thick with a 5% acrylamide 
stacking layer and a 10% running layer. 
Virion and dsRNA samples were mixed with 
an equal volume of 2X sample extraction 
buffer containing NaDodS0 4 and mercap- 
toethanol and heated at 90°C for 2 min prior 
to use. Samples of 10 ix\ were loaded into 
wells 3.5 mm wide and electrophoresed at 
25 to 30 mA for 2.5 to 3.0 h at ambient 
temperature. 

Staining. (A) Silver: After electrophore- 
sis, gels were fixed and stained with silver 
nitrate exactly as described by Merril et al 
(1). (B) Ethidium bromide and methylene 
blue: Before the gels were stained for nucleic 
acid with either ethidium bromide (12,13) 
or methylene blue (14), they were washed 
in glass-distilled, deionized (Nanopure, 
Barnstead) H 2 0 to remove excess Na- 
DodS0 4 . Gels were stained with 0.01% (w/ 
v) ethidium bromide or methylene blue in 
0.02 m sodium acetate for 2 h and were de- 
stained by washing in 0.02 M sodium acetate. 
(C) Coomassie brilliant blue: Before the gels 
were stained for protein with Coomassie bril- 
liant blue R (15), they were fixed for 1 h in 
25% (v/v) isopropanol-10% (w/v) trichlo- 
roacetic acid. Gels were stained with 0.1% 
(w/v) Coomassie brilliant blue in 25% iso- 
propanol-10% tricholoroacetic acid for 2h 
and were destained by washing in 7% (v/v) 
acetic acid. Stained gels were photographed 
with a Polaroid MP-4 Land camera system 
using Polaroid 665 film. 

RESULTS AND DISCUSSION 
The genome of mammalian reoviruses 
consists of 10 segments of double-stranded 
RN A which fall into three size classes: three 



large (L) segments (M r 2.5-2.7 X 10 6 ), three 
medium (M) segments (M r 1.2-1.4 X 10 6 ), 
and four small (S) segments (M r 0.6-0.8 
X 10 6 ). These dsRNA segments code for a 
series of polypeptides that also fall into three 
size classes designated \ (large), n (me- 
dium), and c (small) (16,17). Reovirion par- 
ticles are composed by mass of about 15% 
RNA and 85% protein (16,18). The 10 
dsRNA segments, which are present in equi- 
molar amounts in virions, account for ap- 
proximately 75% of the RNA; the remaining 
25% of the RNA is composed of small 
ssRNA oligonucleotides, which are most 
likely abortive transcription products (17). 

The separation of various concentrations 
of purified reovirions on a NaDodS0 4 -poly- 
acrylamide gel that was stained with the new 
photochemical silver stain described for 
polypeptides (1,2) is shown in Fig. 1. In ad- 
dition to detecting the X, m, and a virion cap- 
sid polypeptides, the new silver stain also 
detected the L, M, and S genome double- 
stranded RNA segments (Fig. 1). The silver 
stain appeared to be even more sensitive for 
reovirus dsRNA than for reovirus capsid 
polypeptides. The dsRNA segments were 
detectable by silver staining at virus dilu- 
tions where the capsid polypeptides were no 
longer visualized. Individual reovirus capsid 
polypeptides are present in different amounts 
in virions (17); <r 3 which represents 28% of 
the virion protein, <r 2 (7%), Mic (35%), and 
/ii (2%) were well resolved from the dsRNA 
segments in the gel shown in Fig. 1. These 
viral polypeptides were routinely clearly de- 
tected with the silver stain at 2 ng protein/ 
mm 2 ; by contrast, the reovirus dsRNA seg- 
ments were clearly detected with 0.03 ng - 
dsRNA/mm 2 . For comparative purposes, 
the minimum concentration of bovine serum 
albumin detectable with the silver stain in 
polyacrylamide gels has been reported to be 
from 0.07 (3) to 0.38 (4) ng protein/mm . 
The silver stain was about 50-100 times 
more sensitive than the Coomassie brilliant 
blue stain for detecting reovirus polypeptides 
in gels (data not shown). 
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Ethidium bromide is the dye commonly 
used for staining double-stranded RNA (12) 
and DNA (13), although reovirus single- 
stranded messenger RNA ( 19) is also stained 
with ethidium bromide. As shown in Fig 2 
the silver stain (Fig. 2A) was about 10-30 
times more sensitive than ethidium bromide 
(Fig. 2B) for detecting reovirus dsRNA 
in polyacrylamide gels. Reovirus genome 
dsRNA segments were clearly detected with 
the silver stain at about 0.03 ng dsRNA/ 
mm (Figs. 1 and 2A), whereas with ethi- 
dium bromide only about 0.45 ng dsRNA/ 
mm* was detected (Fig. 2B). 

The results of staining reovirus dsRNA 
with silver shown in Fig. 1 were obtained 
with purified virion particles that had been 



disrupted with NaDodS0 4 , mercaptoetha- 
nol, and heat; the results shown in Fig 2 
were obtained with purified genome dsRNA 
isolated from virion particles. Although cer- 
tain animal viruses such as adenovirus (20) 
and poliovirus (21 ) do contain protein linked 
to the 5' ends of their genomes, reovirus 
dsRNA does not contain protein covalently 
linked to the ends of the genome dsRNA 
segments, as demonstrated by direct se- 
quence analysis of some individual segments 
(17). Furthermore, treatment of purified 
reovirus dsRNA with proteinase K (1 tag/ 
ml for 3 h) did not alter the ability of silver 
to stain the dsRNA segments when sepa- 
rated by polyacrylamide gel electrophoresis 
(data not shown). These results suggest that 
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Fig. 2. Comparison of techniques for staining purified reovirus genome double-stranded RNA The 
following amounts of reovirus dsRNA isolated from purified virion parties were analy«d: (a) 100 
J ) 10, (d) 3, (e) 1. (f) 0.3, and (g) 0.1 ng of dsRNA. (A) Gel was rtmrt wUh he photochem l cal 
J^^u'-nd photographed under visible light; (B) gel was stained w,th e h.dmm brom.de and 
photographed under ultraviolet light. Conditions were as described under Matenals and Methods; L, 
M, and S indicate the three size classes of the dsRNA segments. 



silver stains dsRNA both in the absence 
(Fig. 2) and presence (Fig. 1 ) of polypeptide 
components in the sample mixture separated 
by electrophoresis. We have also detected 
dsDNA in agarose gels with the silver stain, 
although variable and high background 
staining was experienced with agarose gels 
(data not shown). During the preparation of 
our work for publication, we became aware 
of the recent results of Somerville and Wang 
(22), who showed that Escherichia coli ri- 
boso'mal RNA and bacteriophage X DNA 
were stained by silver in polyacrylamide gels. 

In addition to mammalian reoviruses, 
there are numerous other viruses of verte- 
brates, insects, and plants that possess dou- 
ble-stranded RNA genomes (16,17). Some 
of these viruses are of agricultural and med- 
ical import ance , and some are relatively d if- 



ficult to grow in culture or under conditions 
where the genome can be conveniently la- 
beled to high specific activity with radioac- 
tive precursors. The fact that subnanogram 
amounts of dsRNA can be detected in poly- 
acrylamide gels with the photochemical sil- 
ver stain may be useful in biochemical and 
genetic studies where limited amounts of 
dsRNA are available for characterization. 
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TRANSLATION OF AVIAN SARCOMA VIRUS RNA IN XENOPUS T.AFVTR OOCYTES 
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Summary: Evidence for the synthesis and processing of Pr76 (precursor 
to group-specif ic antigens p27, pl9, and P 12/15, upon injection of 
avian sarcoma virus 70S or 35S RNA into Xenopus oocytes has been re- 

not v F r rthe ^ r 8l r that tRNAtrp p^^-^ to y ™t, Ills 

not block translation of virion RNA under these conditions. 

The 35S virion and 35S messenger RNA's of avian sarcoma virus 
contain four genes, which have been ordered as 5' gag-pol-env-src-T 

(1) . The safc gene codes for a protein of 76,000 daltons (Pr76) , which 
is subsequently processed to give rise to the major internal virion 
proteins ( P 27, p!9, p!5, and P 12), the so-called £s antigens (2). The 
characteristics of these and other virus proteins have been described 

(2) . Several groups have independently translated 35S RNA in in vitro 
systems such as Krebs ascites and reticulocyte lysates (3-6). The limita- 
tion of most cell-free translation systems, however, appears to be the 
absence of post-translational cleavage of precursor molecules to give 
rise to appropriate final products. 

Several species of tRNAs are associated with the 60-70S complex of 
virion RNA. One of these which has been shown to be specific for trytophan 
(tRNAtrp), is located near the 5 , ^ of ^ suhun±ti flnd functions fls 

a primer for DNA synthesis (7). In avian sarcoma virus- infected cells the 
35S RNA serves as a messenger and also is encapsidated in the virion. In 
an effort to investigate the regulation of 35S by bound tRNAtrp prlffier of 
avian sarcoma virus, we have decided to use the. Xenopus - laevis oocyte trans- 
lation system. The major advantages of this system, as opposed to the cell 



447 



0006-291 X/79/020447-07$01 . 00/0 
Copyright © 1979 by Academic Press, inc. 
Ail rights of reproduction in any form reserved. 



Vol. 86, No. 2. 1 979 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

free systems are: 1) the requirement for relatively small quantities of 
exogenous mRNA and 2) the injected mRNAs are translated for longer periods 
of time (8). 

In this brief communication we will describe our results which show 
1) the synthesis and post-translational processing of Pr76 after micro- 
injection of avian sarcoma virus 35S subunits or aggregated 60-70S virion 
RNA, confirming earlier work on avian myeloblastosis virus RNA (9) and 2) 
that bound tRNAtrp prlmer does not flppear t& rf f ^ ^ ^ ^ 

virion RNA to direct protein synthesis. 

MATERIALS AND METHODS 
Cells an d Viruses : Avian sarcoma virus (A<tV\ v rar ...*> r . 

d"c"S (Uh * C ° nneCticut >' we ~ 6-wn in medium 199 as previous!^ 

Immunoprecipltation and Gel E l ectrophoresis of y lra i Prote lr , H . Antl __ lral 

8.*= ssTrr^-uTTEss sH« ? P}f^ l ™«? 

debris was removed oy cen^UugatS Si Jl^*™** 0 ' 5 * BM0 - Cellular 

PI of preimmune .eruZ. followed by ^ec^Jta^S with^ I T fT'* M 5-15 
for 30 minutes at 4o C »c lnll tho I p ^ e "P" a "°«» with 2-5 pi of immune serum 

50 mM Tris-HCl pH 6.8, 10Z glycerol? and H«?i.JV T \ 11 6 "»«captoethanol , 
removed by centrifugation and til IL " * £ ° r 3 minute8 - Bacteria were 
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( p -L Biocheraicals) , B-D-f uranosyl arabinoside triphosphat 
{ot- 32 P} dATP (NEN) and purified avian sarcoma virus, was 
1 hour. The 70S RNA- 32 P-cDNA product was separated from 
sucrose gradient, extracted with phenol, and concentrated 
The complexes were resuspended in oocyte injection buffer 
peratures as indicated in Figure 2. Release of the {32p} 
complex- from the 70S RNA was monitored by electrophoresis 
using a tris-borate buffer system. { 3h} E. coli tRNA was 
as an internal marker.' 



e (Ara CTP) , 600 uCi/ml 
incubated at 37<>C for 
the free isotope on 
by ethanol precipitation, 
and heated to the tem- 
cDNA-tRNA covalent 
in 10% acrylamide gels 
included in each sample 
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RESULTS AND DISCUSSION 

Xenopus laevis oocytes were injected with avian, sarcoma virus RNA 
(250 ug/ml, 50 ml/oocyte) from Prague C (PrC) as previously described (18). 
The oocytes were incubated with 35 s _ L _ methionlne _ containing medium for 5, 
24, or 48 hours. The proteins were isolated from oocytes and radio-labeled 
proteins were immunoprecipitated with rabbit antiserum directed against 
Triton X-100 disrupted virions. The immune complexes were separated by ad- 
dorp t ion to formalin-fixed aureus cells (14) and then analyzed by poly acryla- 
mide gel electrophoresis. 

The results presented in Figure 1 show that virus specific proteins can 
be translated in oocytes in response to injected viral RNA, as evidenced by " 
the size of the proteins which are precipitated by immune serum. No bands 
corresponding to viral proteins are visible in samples treated with pre- 
immune serum (data not shown) .There are no immunporecipitable proteins from 
uninjected controls (Fig. lc and d). Five hours after injection the major 
band correspond to Pr76 (data not shown). In addition to pr 76, p27, two 
other high molecular weight viral proteins with molecular weights of approxi- 
mately 64,000 and 58,000 daltons have appeared after 24 hours (Fig. la-c) . 
This cleavage pattern is similar to that seen in infected cells (2). Analysis 
of 48 hour-labeled oocyte lysates revealed additional bands corresponding to 
viral proteins pl9 and pl5/12 (Figure 1, e and f). (Protein pl5/12 appears, 
faintly in the photograph, but is clearly visible on the autoradiogram) . The 
band labeled H results from non-specific trapping by immunoglobulin heavy chains. 
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Figure 1. Autoradiogram of SDS-polyacrylamide gel electrophoresis 

-methionine labeled proteins precipitated from X. laevis oocyte 
lysates. a-c, oocytes incubated for 24 hours. Viral RNA heated for 
3 minutes at (a) 100°C, (b) 50°C prior to injection; (c) uninjected ' 
control; d-f, oocytes incubated for 48 hours; (d) uninjected or viral 
RNA heated (e) 5DoC or 80°C (f) prior to injection. 

These results support the notion that the group-specific proteins . ( gag 
gene products) are coded by 35S RNA (3,4,9). That the oocyte system ,in con- 
trast to the cell-free systems, has the ability to process precursor proteins: 
into the expected final products is also evident from these data. 

Previous studies from other laboratories indicated that the Tm; for dis- 
sociating bound tRNA tr P from 35S RNA is 63°C in 0.01 M Tris-HCl-0.01 M EDTA 
(18). ASV RNA heated at 50°C, 80°C or 100°C in 88 mM NaCl buffer prior to 
injection did not reveal any major differences in its ability to direct pro- 
tein synthesis although structural changes in the RNA molecule were evident. 
We found, in agreement with published results (19), that approximately 30X of 
the 60-70S RNA dissociated into 35S RNA subunits at 50°C and 80°C all the. RNA 
sediment ed at 35S. Since the injection buffer contains 88 mM. .NaCl the following 
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Figure 2. Polyacrylamide gel assay for the release of primer, (a) 60-70S 
RNA containing 32p_i a beled octamer-tagged primer run as a control; (b) 
complex heated at 80°C in 88 mM NaCl and (c) complex digested with 0.2 
M NaOH at 100OC for 3 minutes prior to analyzing on the gel. 
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experiment was performed to prove that under the conditions of melting all the 
tRNA primer was removed from 60-70S RNA. Purified ASV was incubated in an endo- 
genous reaction containing 32p labeled dATP as described in the Methods section 
and ara-CTP replaced dCTP. In the presence of this analogue the major product 
is an oligo-nucleotide of 8 residues (octamer) covalently linked to the primer 
(16). After the reaction, viral RNA containing the radio-labeled primer was 
isolated, heated at 80<>C in 88 mM NaCl, and analyzed in polyacrylamide gels. 
Under these conditions the tRNA primer which is tagged with 32p-i a beled octamer 
was completely dissociated from 60-70S RNA as evidenced by a discrete peak of 
radioactivity comigrating with E. coli tRNA marker (Fig, 2b). In the unheated 
control the radio-activity remained at the origin indicating that the primer^ls 
associated with 60-70S RNA (Fig. 2a). Digestion of the product with alkali, 
which removes the RNA molecule of the hybrid, caused the DNA to migrate at the 
expected position for an octamer (Fig. 2c). From these results we 
conclude that the conditions used to release the primer are satisfactory. 
Injection of the RNA samples heated at these temperatures did not reveal 
any major variations in the levels of translation- (Fig. 1). However we 
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observed that RNA heated at 50°C was sometimes better in its capacity to 
translate than that heated at more than 80°C. This is probably due to 
random breaks introduced in the RNA molecule at higher temperatures. In 
addition, we consistently found that RNA which was not heated had trans- 
lation ability similar to heated samples (data not shown) . 

These results indicate that under the conditions used here for trans- 
lation, virion 35S RNA as well as the 60-70S complex can be used as a tem- 
plate for the synthesis of viral proteins. In addition, the data presented 
here suggest, but do not prove, that initiation of protein synthesis is in- 
ternal to the primer binding sequence, since the presence of primer has no 
apparent effect on translation*. If this is true, then the results may mean 
that the primer has no role, in distinguishing 35S mRNA from 35S virion RNA. 
In support of this argument data presented by Canaani and Duesberg (20) , indi- 
cated that the RNA from immature virions does not contain bound primer, but, 
after incubation at 37°C, complete 60S-7 OS-primer complex can be generated. 
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Summary 

The virion RNAs from Moloney murine leukemia 
virus (MuLV) and Moloney murine sarcoma virus 
(MSV) were translated in a micrococcal nuclease- 
treated cell-free system from rabbit reticulocytes. 
The predominant polypeptides formed from 35S 
MuLV RNA were 78,000 and 65,000 daltons in 
molecular weight, and minor components with 
molecular weights of 180,000, 110,000, 52,000 and 
40,000 daltons were also observed. The 30S MSV 
RNA yielded two predominant polypeptides of 
62,000 and 43,000 daltons, and minor components 
about 72,000, 40,000 and 18,000 daltons in molec- 
ular weight. The predominant polypeptides gen- 
erated by both MuLV and MSV RNA were found 
to be precursors of the core proteins by immuno- 
precipitation with specific antisera. The 180,000 
dalton molecular weight polypeptide encoded by 
MuLV RNA was immunoprecipitated both by anti- 
sera to the core protein (p30) and reverse tran- 
scriptase. The major products therefore appear 
to be Pr65™ and Pr78™; an important minor 
product is Pr180«^«". Most of the products of 
<65,000 daltons synthesized in either system 
contained sequences from the core protein pre- 
cursor, but the 43,000 and 18,000 dalton molecu- 
lar weight polypeptides generated by MSV RNA 
did not precipitate with antisera to MuLV proteins. 

When purified yeast suppressor tRNA was 
added to the translation mixture directed by 35S 
MuLV RNA, the amount of the Pr78 w was re- 
duced, while the yield of the Pr180 tfaff - po ' was en- 
hanced. Amber suppressor tRNA was about 3 
times as effective as ochre suppressor tRNA and 
nonsuppressor tRNA. This pattern of suppression 
was also seen for an established amber mutation 
(UAG) in the synthetase gene of Q/3 (Q/3 ami), 
suggesting that it Is a UAG codon which termi- 
nates synthesis of Pr78"*. In the MSV system, 
the amber suppressor tRNA, and to a lesser 

* Present address: Biomedical Center, University of Uppsala 
Uppsala, Sweden. 

t Present address: The Hebrew University. Hadassah Medical 
School, Jerusalem, Israel. 



extent the ochre suppressor tRNA, markedly in- 
creased the synthesis of the 72,000 dalton molec- 
ular weight polypeptide with a slight reduction of 
the 62,000 dalton protein. 

Since read-through between the core protein 
and reverse transcriptase genes occurs to a low 
level both in vivo and in vitro and can be en- 
hanced in vitro by amber suppressor tRNA, these 
results suggest that a suppression mechanism 
may control the relative amounts of core protein 
and reverse transcriptase synthesized from 35S 
mRNA. Such a mechanism might be used more 
generally by mRNAs from mammalian cells. 

Introduction 

The synthesis of functional retrovirus proteins in- 
volves a complicated series of processing events. 
There are three known genetic regions present in 
the genomes of nondefective retroviruses: gag, 
the region encoding the internal virion structural 
proteins; pol, the reverse transcriptase gene; and 
env, the region encoding the glycoproteins of the 
virion envelope outer surface (Baltimore, 1974). In 
the avian leukosis viral RNA, these regions are 
apparently located on the RNA genome in the 
order (5' -> 3') gag-pol-env (Joho et al. t 1976; 
Wang et al., 1976), although the order of the first 
two genes is still somewhat ambiguous. Presum- 
ably, other retrovirus genomes have the same gene 
order. 

There are at least two mRNAs that are used for 
translation of both murine and avian viral proteins. 
One is thus far indistinguishable in size from virion 
RNA, while the other-a much smaller RNA — ap- 
pears to encode only the env region (Hayward, 
1977; Pawson, Harvey and Smith, 1977; Staceyi 
Allfrey and Hanafusa, 1977; Van Zaane et al., 1$77- 
Weiss, Varmus and Bishop, 1977). Each of the 
three genetic regions encode precursors to the 
functional proteins; the precursors are proteolyti- 
cally processed to generate the final products 
(Vogt and Eisenman, 1973; Jamjoom, Naso and 
Arlinghaus, 1977). 

One of the most intriguing aspects of the multi- 
layered scheme of gene expression used by retro- 
viruses is synthesis of the reverse transcriptase. 
Studies of cells infected with avian or murine 
viruses have given the same general results, except 
that the molecular weights of the relevant polypep- 
tides are somewhat different; we will use the sizes 
of the murine proteins for this discussion. (The 
nomenclature of the proteins will follow the rec- 
ommendations of the NCI Tumor Viral Immunology 
Workshop, March, 1977.) Available evidence on 
the synthesis of the reverse transcriptase (p85) is 
first, that no discrete mRNA for synthesis of the 
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enzyme has been detected; rather 35S mRNA ap- 
pears to encode both Pr78*" iw (the precursor of the 
structural proteins of the virus with a major partial 
product of Pr65 flafl ) and PnS0 ea °- po1 (a polypeptide 
containing antigens of both reverse transcriptase 
and Pr7b oao ) -(Naso et ah, 1975; Mueller-Lantzsch 
and Fan, 1976; Kerr et ah, 1976; Oppermann et ah, 
1977). Second, the molarity of reverse transcrip- 
tase made in infected cells is 0.1-0.01 of the.molar- 
ity of virion structural proteins (Panet, Baltimore 
and Hanafusa, 1975; Jamjoom et ah, 1977). Third, 
by enzyme assay, there is little or no detectable 
soluble reverse transcriptase in infected cells; the 
enzyme is apparently activated only upon incorpo- 
ration into virions (Panet et ah, 1975). Fourth, 
Prt8Q Da °- po1 is probably cleaved to form the p85 
reverse transcriptase inside maturing or mature 
virions (Jamjoom et ah, 1977; Oppermann et ah, 
1977; O. N. Witte and D. Baltimore, unpublished 
observations). Fifth, the cleavage of Pr180 flaff - p0 ' to 
p85 appears to involve intermediates that have no 
gag protein determinants, the main one being 
Pr110 po/ (Jamjoom et ah, 1977). Sixth, only Pr180 ffQ ^ 
991 but no Pr1 10"" or p85 is evident in cells infected 
under restrictive conditions by certain tempera- 
ture-sensitive murine leukemia viruses, but both 
appear after shift to permissive conditions, indicat- 
ing that Pr180*°^ gives rise to both Pr110 po ' and 
p85 (O. N. Witte and D. Baltimore, unpublished 
results). 

These facts and interpretations leave open one 
critical question: what controls whether a ribo- 
some, having initiated translation of 35S mRNA, 
will generate Pr78 <w or- by read-through of the 
end of the gag-coding region - will generate 
PrlSO*""™'? One possibility is that a codon speci- 
fying termination of protein synthesis (amber, UAG; 
ochre, UAA; or UGA) follows the coding region. for 
Pr78* w , but that a mechanism allows for occasional 
read-through of this termination codon (suppres- 
sion). Such a model would be similar to the mech- 
anism of synthesis of the read-through protein of 
Q/3 phage (Weber and Konigsberg, 1975). To test 
the possibility of a suppressible codon allowing 
read-through, a cell-free translation system pro- 
grammed by virion RNA of MuLV was used. 

The cell-free translation of MuLV virion RNA in 
various systems has already been described. The 
major products made in extracts of tissue culture 
cells have been identified as Pr78 ffa * (called 70K 
- previously), PrSS 000 (called 60K previously) and a 
180,000 dalton polypeptide with at least gag pro- 
tein determinants (Kerr et ah, 1976). For the pres- 
ent studies, we have adopted the micrococcal 
nuclease-treated reticulocyte lysate system of Pel- 
ham and Jackson (1976) and have first described 
the products made by that system before investi- 



gating the effect of yeast suppressor tRNAs. 

Yeast suppressor tRNAs have been characterized 
that are capable of suppressing termination of 
amber and ochre codons (Hawthorne and Leupold, 
1974; Cappechi, Hughes. and Wahl, 1975; Geste- 
land et ah, 1976). The suppressor tRNAs used in 
our studies were serine tRNAs modified by muta- 
tion to enable reading of UAG and UAA. They were 
characterized by their ability to suppress termina- 
tion of translation of RNA from appropriate mutants 
of bacteriophage Q/3 (Gesteland et al M 1976) and 
subsequently used by Gesteland et ah (1977) to 
identify nonsense mutants of an adeno-SV40 hy- 
brid virus. In our studies, they have been used in a 
partially purified form as probes for the existence 
of UAG or UAA codons at the gag/pol junction. 
Suppression has been found at the gag/pol junc- 
tion, and its pattern suggests that a UAG codon 
may be present there. 

We have also extended these studies to investi- 
gate translation of the murine sarcoma virus (MSV) 
genome. Pure 30S MSV RNA was obtained from 
virions made by cells that produce almost exclu- 
sively MSV [TB(CFW/D) clone 124; Ball, McCarter 
and Sunderland, 1973]. Heteroduplex and hybridi- 
zation analysis of this RNA has indicated that it is 
a highly deleted and substituted form of MuLV 
RNA (Frankel, Neubauer and Fischinger, 1976; Hu, 
Davidson and Verma, 1977). The only region on 
this RNA known to encode protein is one that 
makes P60 protein, a polypeptide with MuLV gag 
protein antigenicity (Robey et ah, 1977). 

Results 

RNAs Studied 

The translation studies described here used the 
virion RNAs from murine leukemia and sarcoma 
viruses (MuLV and MSV) as mRNAs. MuLV 70S 
RNA and MSV SOS RNA were denatured and frac- 
tionated on sucrose gradients to isolate the result- 
ing 35S MuLV RNA and 30S MSV RNA. The unden- 
atured RNAs were <10% as active as the denatured 
forms. 

The purity and size of RNA preparations were 
established by gel electrophoresis. In a represent- 
ative preparation, the majority of the MuLV RNA 
and MSV RNA migrated through 1% agarose gels 
as single bands with minor amounts of smaller 
RNA also evident (Figure 1, slots A and B); the 
major bands were slower in mobility than ribo- 
somal RNA (slot C). The sizes of the majority RNA 
species were determined after electrophoresis 
through methylmercuric hydroxide-1% agarose 
gels (Figure 1, slots C and D). From these analyses, 
the molecular weights were estimated as 9.7 kilo- 
bases (MuLV RNA) and 6.5 kilobases (MSV RNA). 
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Figure 1. Electrophoretic Analysis of Viral RNA 
MuLV 35S RNA (A) and 30S MSV RNA (B) were analyzed together 
with ribosomal RNA (C) on a 1% agarose stab gel in 60 mM Tris- 
acetate (pH 7.2), 1 mM EDTA (Sharp et al., 1973). Electrophoresis 
was for 2 hr at 5 V/cm, and the RNA was stained with ethidlum 
bromide. An artificial mixture of 30S MSV RNA and 35S MuLV 
RNA was analyzed on methylmercuric hydroxide gels (Bailey and 
Davidson, 1976) in the same slot (D) together with 35S MuLV 
RNA (E) in a separate slot. The ribosomal markers analyzed on 
the same gel are indicated by the arrows. The samples had 0.6 
M9 of each RNA studied. Staining with ethidium bromide was 
carried out in 0.5 M NH 4 acetate. 

Cell-Free Synthesis 

-The micrococcal nuclease-treated rabbit reticulo- ~ 
cyte lysate (Pelham and Jackson, 1976) was used 
for cell-free protein synthesis in ail the present 
studies. To compare this system with others used 
previously, the protein products synthesized under 
the direction of MuLV and MSV RNA were charac- 
terized by electrophoretic separation (Figure 2). 
Without added RNA (slot B), faint bands of 96,000 
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Figure 2. Translation of Murine Leukemia and Sarcoma Virus 
RNA in a Cell-Free System 

MuLV RNA (A) and MSV RNA (C) were translated in a micrococcal 
nuclease-treated reticulocyte lysate as described in Experimental 
Procedures. A control without added mRNA is included for 
comparison (B). The molecular weights of the polypeptides in- 
duced by the viral RNA are indicated as the molecular weight x 
10-* (K). 



(96K), 60-64K and^a d iffuse" o he IT about ~20K~ 
daltons were observed as well as a band of variable 
intensity at 47K daltons. The apparent band of 
47K daltons is probably 35 S-met-tRNA because it 
can be abolished by RNAase A treatment (not 
shown). 

The MuLV RNA-specified product had two main 
bands of 78K and 65K daltons (slot A), the same 
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products found in other cell-free systems (Naso et 
al. t 1975; Kerr et al., 1976). Additional bands of 
180K, 11 OK, 52K, 40K, 32K and 22K daltons were 
also observed. 

Identification of Polypeptides 

For identification of these products, immunopre- 
cipitation with defined antisera was used. The 
proteins used to immunize rabbits were highly 
purified p30, gp70 and p85 (reverse transcriptase), 
as shown in Figure 3 (slots A, B and C). The p30 
preparation contained dimers as well as mono- 
mers. The specificity of each serum was tested by 
immunoprecipitation of 35 S-methionine-labeled 
MuLV virion proteins (Figure 3, slot D). The anti- 
p30 serum precipitated both p30 and the Pr65 
found in virions (Figure 3, slot E). The anti-gp70 
precipitated gp70 and p15E, two proteins which 
occur as a disulfide-linked complex in virions (Fig- 
ure 3, slot F; Witte, Tsukamoto-Adey and Weiss- 
man, 1977). The anti-reverse transcriptase precipi- 
tated mainly p85 as well as a lower molecular 
weight product not further identified (Figure 3, 
slot G). Some nonspecific precipitation is evident 
with all the sera. 

These antisera were used to characterize the 
products of ceil-free synthesis directed by MuLV 
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Figure 3. The Antigens Used for Immunization and the Specificity 
of the Resulting Sera 

The proteins purified as described in Experimental Procedures 
were analyzed by electrophoresis (Laemmli, 1970). (A) p30 (and a 
dimer of p30); (B) gp70; (C) p85 (reverse transcriptase). To test 
the specificity of the sera, "S-methionine-labeled Moloney MuLV 
was reacted with each serum, and the precipitated proteins (see 
Experimental Procedures) were analyzed by electrophoresis. (D) 
the total MuLV proteins; (E) anti-p30; (F) anti-gp70; (G) anti- 
reverse transcriptase. 



RNA. From the total MuLV RNA-specified product 
(Figure 4, slot A), most of the polypeptides were 
precipitated by anti-p30 antibody (Figure 4, slot 
B), and almost all of this precipitation could be 
competed by addition of unlabeled, purified p30 
from MuLV virions (Figure 4, slot C) but not by 
purified reverse transcriptase (Figure 4, slot D). 
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Figure 4. Immunoprecipitation of Polypeptides Generated by 
MuLV RNA in the Cell-Free System 

Translation mixtures with MuLV RNA were immunoprecipitated 
with antibodies to the structural proteins of MuLV virus. (A) 
Polypeptides generated by MuLV RNA; (B) immunoprecipitate 
with anti-p30 serum; (C) immunoprecipitation with anti-p30 serum 
in the presence of an excess of purified p30; (D) immunoprecipi- 
tation with anti-p30 serum in the presence of an excess of 
purified reverse transcriptase; (E) immunoprecipitation with anti- 
reverse transcriptase serum in the presence of an excess of 
purified p30; (F) immunoprecipitation with anti-reverse transcrip- 
tase serum in the presence of excess of- reverse transcriptase 
and p30 protein; (G) immunoprecipitation with anti-glyco protein 
serum in an excess of purified p30 protein. The molecular weights 
of the polypeptides are indicated as in Figure 2. 
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The only polypeptides not well precipitated by anti- 
p30 serum were 11 OK and the minor bands between 
110K and 78K. 

By contrast, an anti-reverse transcriptase anti- 
body, acting in the presence of added p30, precip- 
itated 180K and 11 OK quite effectively (Figure 4, 
slot E); 80% of this precipitation was competed by 
purified reverse transcriptase (slot F). Quantitation 
was performed by scanning the autoradiograms. 

An antiserum to the envelope glycoprotein selec- 
tively precipitated a 70K polypeptide (Figure 4, slot 
G). This polypeptide was not observed in the origi- 
nal mixed translation product and must therefore 
by synthesized in minute amounts. It appears to 
correspond to the size of the nonglycosylated 
glycoprotein of MuLV RNA (Van Zaane et al., 1977), 
but has not been characterized further. 

This analysis of the products made under the 
direction of 35S MuLV virion RNA, coupled with 
earlier observations on other cell-free systems 
(Kerr et al., 1976), suggests that two major classes 
of products are formed: those with p30 antigenicity 
and those with both p30 and reverse transcriptase 
antigenicity. The 110K polypeptide may have only 
reverse transcriptase antigenicity. The p30 protein 
is representative of the products of the gag genes; 
thus precursors of the gag proteins can be de- 
scribed as Pr 000 . The Pr65 flafl and Pr78 fl °» are appar- 
ently direct products of translation from the most 
accessible initiation codbn which is presumably 
near the 5' end of the MuLV RNA. The Prt80 oa ™t 
appears to be an elongation of the gag precursor 
into the reverse transcriptase gene, producing a 
180,000 dalton polypeptide. Analysis of infected 
cells has shown both the existence of P^B0 oao ~ l>o1 
and its cleavage to form a reverse transcriptase 
precursor of 1 10,000 daltons (Jamjoom et al., 1977; 
their estimate of molecular weight was higher, but 
we believe that 110,000 daltons is closer to cor- 
rect). The 110K described here has the same im- 
munological properties as the in vivo 11 OK protein, 
so we tentatively designate it PrllO^', but the 
identity of the in vivo and in vitro 110K products 
remains to be established. 

Thus MuLV RNA appears to specify Pr 0€t0 and 
Pr**™' in the cell-free system at a ratio estimated 
as 50:1 (densitometry data not presented); control 
of this ratio appears to be determined by the 
frequency of read-through of the termination signal 
between the gag region and the pol region. We 
next investigated the nature of this termination 
codon. 

Effect of Suppressor tRNAs on Translation of 
MuLV RNA 

One well established mechanism for controlling 
translational read-through tilizes the ability of 
suppressor tRNAs to read a termination codon as 



an amino acid (Gorini, 1970). The only eucaryotic 
suppressor tRNAs to be characterized to date are 
those from yeast (Capecchi et al., 1975; Gesteland 
et al., 1976). We therefore tested the ability of 
yeast suppressor tRNAs to increase the yield of 
Pr180* a «*" as an indication of the existence of a 
suppressible termination codon between gag and 
pol which could allow the rare read-through from 
gag into pol. 

In our first attempts, we used crude tRNA from 
yeast suppressor strains having modified serine 
tRNAs able to read UAG (amber) or UAA (ochre) 
codons. Although Gesteland et al. (1977) had found 
that an amber codon in a mutated adeno-SV40 
hybrid virus could be suppressed by such crude 
tRNA, we found only inhibition of synthesis di- 
rected by MuLV RNA (not shown), and we therefore 
used only fractionated tRNA in further studies. 

When a cell-free system programmed by MuLV 
RNA-which gave the usual faint bands at 110K- 
180K daltons (Figure 5, slot A)- was supplemented 
with a purified yeast amber suppressor tRNA, a 
marked increase of Pr180 ffa *- poi was observed along 
with increased amounts of bands from 110K-180K 



daltons (Figure 5, slot D). A concomitant loss of 
radioactivity in the Pr78 ff<w band was also produced 
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Figure 5. Yeast Suppressor tRNA Causes Read-through of the 
gag-poi Genes of the MuLV Genome 

Translation mixtures with MuLV RNA were fortified with purified 
yeast suppressor tRNA at 40 jtg/ml. (A) No addition; (B) yeast 
nonsuppressor tRNA; (C) yeast ochre suppressor tRNA; (D) yeast 
amber suppressor tRNA. The suppressor activity of the yeast 
tRNA was controiled by concurrent translation of a Qp {QB ami) 
mutant in the same cell-free system. (E) No addition; (F) ochre 
suppressor tRNA; (G) amber suppressor tRNA. The molecular 
weights of the polypeptides synthesized are indicated as in Figure 
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by the amber tRNA. Yeast ochre suppressor tRNA 
increased the Pr180 oaxKPOi somewhat and also de- 
pressed the intensity of Pr78 ffa ? (Figure 5, slot B). 

To establish whether the 180K product stimu- 
lated by amber tRNA was truly Pr180 <Wfl - po, ( immu- 
noprecipitation studies of the suppressed products 
were performed. From the original translation mix- 
ture (Figure 6, slot E), anti-p30 precipitated the 
180K band and others of nearly that size, as well 
as the 65K protein and some residual 78K protein 
(Figure 6, slot A). Very little 11 OK protein was 
precipitated. Purified p30 competed all of this pre- 
cipitation (Figure 6 t slot B). Anti-reverse transcrip- 
tase, in the presence of purified p30 t precipitated 
only the 110-180 K polypeptides (Figure 6, slot C), 
and the purified enzyme competed this precipita- 
tion (Figure 6, sJot D). Thus the 180K polypeptide 
made in the presence of amber suppressor tRNA 
appears to be Pr'\80 oaff - pol t and the 11 OK may be 
PrllO" 0 '. 

Translation in the nuclease-treated reticulocyte 
system of Q/3 RNA with an amber mutation in the 
synthetase gene gave no detectable complete syn- 
thetase (Figure 5, slot E). Addition of yeast ochre 
suppressor tRNA stimulated some synthesis of the 
complete product (Figure 5, slot F) while the amber 
suppressor tRNA produced a 3 fold higher yield of 
the synthetase protein (Figure 5, slot G). The MuLV 
gag termination signal, therefore, behaved identi- 
cally to an established UAG codon in its response 
to the yeast suppressor tRNAs. Gesteland et al. 
(1977) had previously shown that a mutant codon 
in an adeno-SV40 hybrid behaved in this fashion 
and concluded that it was a UAG. We therefore 
believe it very probable that the gag/pol junction 
of MuLV RNA contains a UAG codon. 

Effect of Suppressor tRNA on Translation of MSV 
RNA 

MSV RNA appears to be a deleted MuLV RNA 
genome with insertion of mouse cellular sequences 
(Frankel et al., 1976; Hu et al., 1977). Because of 
the possibility that MSV RNA might also contain a 
suppressive codon, we studied its translation. In 
the nuclease-treated reticulocyte system, MSV RNA 
directed synthesis of a major 62K band and lesser 
amounts of bands of 72K, 42K, 40K, 32K and 18K 
daltons (Figure 2, slot C). The 62K band has been 
seen in MSV-transformed cells (Robey et al., 1977) 
and in virions of MSV(FeLV) (Oskarsson et al., 
1975), and has the antigenicity of the MuLV gag 
proteins. 

Immunoprecipitation with anti-p30 of the prod- 
ucts formed under the direction of MSV RNA 
showed that the 72K, 62K, 55K and 40K polypep- 
tides had p30 antigenicity (Figure 7, slot A). Puri- 
fied p30 competed the vast majority of this precipi- 
tation (Figure 7, slot B). In the presence of p30, 
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Figure 6. Immunoprecipitation of Polypeptides Generated from 
MuLV RNA in the Presence of Yeast Amber Suppressor tRNA 
A translation mixture with MuLV RNA containing yeast amber 
suppressor tRNA was immunoprecipitated with antisera against 
MuLV proteins. (A) Immunoprecipitation with anti-p30 serum; 
(B) immunoprecipitation with anti-p30 serum in the presence of 
an excess of purified p30; (C) immunoprecipitation with anti- 
reverse transcriptase serum in the presence of an excess of 
purified p30; (D) immunoprecipitation with anti-reverse transcrip- 
tase antiserum in the presence of an excess of purified p30 and 
reverse transcriptase; (E) original translation mixture. 

neither anti-reverse transcriptase (Figure 7, slot C) 
nor anti-glycoprotein (Figure 7, slot D) gave detect- 
able specific bands. 

Two of the polypeptides generated in significant 
amounts by MSV RNA were not encoded by MuLV 
RNA and were not immunoprecipitable with the 
available antisera-42K and 18K (Figure 2C). 
Harvey sarcoma virus can also specify a poly- 
peptide, in this case 24K, which is not found in the 
products encoded by the corresponding leukemia 
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Figure 7. Immunoprecipitation of Polypeptides Generated by 
MSV RNA in the Cell-Free System 

A translation mixture with MSV RNA (Figure 2C) was immuno pre- 
cipitated with antibodies against the structural proteins of MuLV. 
(A) Immuno precipitate with anti-p30 serum; (B) immunoprecipita- 
tion with anti-p30 serum in the presence of purified p30; (C) 
immunoprecipitation with anti-reverse transcriptase serum in the 
presence of purified p30; (D) immunoprecipitation with anti-gly- 
coprotein serum in the presence of purified p30. The molecular 
weights of the polypeptides are indicated as in Figure 2. 

virus (Parks and Scolnick, 1977), and it is not 
immunoprecipitable with our reagents (U. Olshev- 
sky, R. Weinberg and D. Baltimore, unpublished 
results). 

When an MSV RNA-programmed extract was 
supplemented with yeast amber tRNA, the minor 
72K in the control product (Figure 8, slot A) was 




Figure 8. The Effect of Yeast Suppressor tRNA on the Translation 
of MSV RNA in the Cell-Free System 

Translation mixtures with MSV RNA were fortified with different 
yeast suppressor tRNAs at 40 M9/ml. (A) No addition; (B) amber 
suppressor tRNA; (C) ochre suppressor tRNA; (D) amber and 
ochre suppressor tRNA. 

greatly accentuated (Figure 8, slot B) and the major 
62K product was diminished somewhat. Ochre 
tRNA also increased the 72K, but without any 
evident diminution of the 62K (Figure 8, slot C), 
and a mixture of the two tRNAs gave the largest 
amount of the 72K product (Figure 8, slot D). 
Immunoprecipitation of the products made in the 
presence of amber tRNA showed that 72K and 62K 
both had p30 determinants, but that no products 
with reverse transcriptase or glycoprotein determi- 
nants were evident (Figure 9). 

It therefore appears that a UAG codon terminates 
the 62K product synthesized under the direction of 
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Figure 9. I mmuno precipitation of Polypeptides Generated from 
MSV RNA in the Presence of Yeast Amber Suppressor tRNA 
A translation mixture with MSV RNA containing yeast amber 
suppressor tRNA was immunoprecipitated with antisera against 
MuLV proteins. (A) Immunoprecipitation with anti-p30 serum; (B) 
immunoprecipitation with anti-p30 serum in the presence of 
purified p30; (C) immunoprecipitation with anti-reverse transcrip- 
tase serum in the presence of purified p30; (D) immunoprecipita- 
tion with anti-glycoprotein serum in the presence of purified p30. 



MSV RNA, and that its suppression generates a 
72K product. 

Discussion 

The Cell-Free Products 

The polypeptides specified by MuLV 35S RNA in 
the nuclease-treated reticulocyte lysate system in- 
clude the major ones previously seen in systems 



derived from tissue culture cells (Naso et al., 1975; 
Kerr et al., 1976). The advantage of the nuclease- 
treated extracts is their low background which has 
allowed smaller and quite minor products to be 
recognized. Nuclease-treated tissue culture cell 
extracts give patterns similar to those generated 
by treated reticulocyte extracts (U. Olshevsky, un- 
published results). 
Immunoprecipitation has identified four classes 
■ of MuLV-specific polypeptides made in the cell- 
free system: 

-Products with only gag protein antigenicity 
(reactivity with anti-p30 serum) -Pr78, Pr65, 52K 
and 40K. The larger two have in vivo counterparts 
(Jamjoom et al., 1977; our unpublished data), 
and the smaller may result from premature ter- 
mination or be cleavage products of the larger 
ones. Why there are two major gag products is 
not clear; from kinetic experiments in the cell- 
free system, Pr65 does not appear to be derived 
from Pr78 (unpublished results), but Pr65 does 
appear to result from cleavage of Pr78 in infected 
cells (Arcement et al., 1976, 1977). 

-A product with both gag and pol antigenicity- 
Pr180. This has an in vivo counterpart which is 
probably the major precursor of reverse tran- 
scriptase (Jamjoom et al., 1977; Oppermann et 
al., 1977). There is also a series of smaller varia- 
ble minorbahds with molecular weights higher 
than 110,000 daltons that have both gag and pol 

. reactivity. 

— A product in which we have detected only pol 
reactivity- Pr1 10. This protein appears to be 
about the size of the smaller reverse transcrip- 
tase precursor found in infected cells (Jamjoom 
et al., 1977), although its identity with the in vivo 
pol precursor remains to be demonstrated. 
-A minor product with only env antigenicity — P70. 
This is presumably the unglycosylated form of 
Pr90, the precursor of both gp70 and P15(E), the 
envelope proteins. It may result from a slight 
contamination of the 35S RNA with a smaller 
species packaged in virions, or it may be trans- 
lated from broken 35S RNA molecules; 35S RNA 
apparently cannot generate envelope protein 
(Van Zaane et al . , 1 977) 
The cell-free system mimics the in vivo situation 
quantitatively as well as qualitatively. There is 
about 50 times as much of the PreS 0110 + Pr78 ffafl 
made as there is of PrlSO**"*", conforming to the 
estimates of this ratio in infected cells (Panet et 
al., 1975; Jamjoom et al., 1977). Thus the in vitro 
system poses the same question of gag/pol junc- 
tion control raised by the in vivo data discussed in 
the Introduction. 

Suppression 

The ability of amber suppressor tRNA Mr to increase 
synthesis of Pr180 tfa *- poi apparently at the expense 
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of Pr 78°°° suggests that translation of Pr78 w is 
terminated by a UAG codon. Such an hypothesis is 
consistent with the ability of the purified ochre 
(UAA) suppressor to give a lower level of read- 
through because when it is purified, ochre sup- 
pressor tRNA 8 " is known to read a UAG codon 
with significant efficiency (Gesteland et al. ( 1977). 
By contrast, crude tRNA from an ochre suppressor 
strain does not suppress a UAG codon (Gesteland 
et al. ( 1977), and more recent preparations of 
purified ochre suppressor tRNA 8 " neither sup- 
pressed the Qp amber mutation nor gave suppres- 
sion in the MuLV system (unpublished results). A 
yeast suppressor tRNA tentatively identified as a 
suppressor of termination of UGA had no effect on 
MuLV RNA translation (unpublished results). 

In the cell-free system, both Pr65 w and Pr78 OTU ' 
are formed, but only Pr78«* is decreased when 
suppressor tRNA is added. It appears ttiat Pr65 ff0ff 
arises by termination before completion of Pr78 ffafl 
so. that its synthesis stops before reaching the 
suppressible codon. The Pr65^ found in infected 
cells is believed to be cleaved from Pr78 iW (Arce- 
ment et al., 1976, 1977), and thus the exact rela- 
tionship of the in vivo and in vitro products requires 
clarification. 

The ability of added yeast suppressor tRNA to 
cause , a read-through from the gag to the pot 
region does not necessarily explain how the normal 
level of a small percentage of read-through is 
achieved. The normal read-through could, for in- 
stance, be suppression resulting from a ribosome- 
mediated event or from the action of a soluble 
protein. Ribosome- and drug-mediated suppres- 
sion has been described for bacterial systems (Gor- 
ini, 1970). The simplest hypothesis is, however, 
that cells have a low normal level of suppressor 
tRNA. This need not be induced by virus infection 
because the cell-free system in the present studies, 
which was derived from normal rabbit reticulo- 
cytes, allowed some read-through. If normal sup- 
pressor tRNA exists, it should be possible to iden- 
tify it using MuLV RNA translation as an assay. 
Cellular as well as viral proteins could be made by 
read-through of suppressible codons. 

We are unable to interpret easily the suppression 
of MSV RNA translation which allows the apparent 
formation of a 72K product from an original 62K 
product. The MSV genome contains much of the 
gag region of the parental MuLV genome. If the 
UAG codon that terminates the 62K protein is the 
same one that terminates the 78K MuLV product, a 
small deletion inside the gag region would have to 
be present. Because suppression in the MuLV 
system generates a 180,000 dalton product, there 
would then have to be another mutation or deletion 
beyond the UAG in MSV RNA to account for termi- 
nation of the suppressed product at 72K. Alterna- 



tive models are easily conceived, and the existing 
heteroduplex analyses (Hu et al., 1977) do not 
provide the resolution to choose among them. 

MSV Products 

The MSV RNA translation products include two 
that are not immunoprecipitable with the tested 
sera. These sera precipitated all the MuLV RNA- 
directed products. Translation of Harvey sarcoma 
virus RNA had previously been shown to generate 
a 24K product (Parks and Scolnick, 1977); it was 
not immunoprecipitable with our sera and appears 
to lack peptides in common with leukemia virus 
proteins (U. Olshevsky, R. Weinberg and D. Balti- 
more, unpublished results). The role of these sar- 
coma virus-specific polypeptides in the sarcomo- 
genic properties of the viruses must await further 
studies on the origin of these polypeptides. 

Experimental Procedures 

Cell, Virus and Viral RNA 

The MuLV RNA used in these studies was derived from clone 2 
Moloney MuLV which was obtained from clone 1 virus (Fan and 
Paskind, 1974) by end-point dilution of the virus on NIH/3T3 with 
immediate cloning of the cells after infection (M. Paskind D 
Smotkin and D.Baltimore, unpublished data). Moloney sarcoma 
virus (MSV) was harvested from a murine cell line, TB(CFW/D) 
clone 124, which overproduces sarcoma virus against a low 
background of the Moloney MuLV helper (Ball et al 1973- 
Maisel Dina and Duesberg, 1977). Large-scale production of 
rapid harvest virus was achieved by growing- both cell lines in 
roller bottles in Dulbecco's modified Eagle's medium (DME) with 
10% calf serum. Virus was in most cases purified from medium 
collected continuously or at 4 hr intervals. The medium was 
clanfied by centrifugation at 1000 x g for lS min at 4"C. and the 
virions were collected by centrifugation at 27.000 x g for 2 5 hr 
The pellets were resuspended in 50 mM Tris-HCl (pH 7.5) 100 
mM I NaCI, 1 mM EDTA, and centrifuged to density equilibrium in 
<;5-40% (w/w) sucrose gradients for 17 hr at 82,000 x g at 4°C 
Banded virus was pooled and diluted 3 fold in 7 M urea 0 35 M 
NaCI, 2% SDS. 10 mM EDTA and 0.1 M Tris-HCl <pH 7 8)* The 
suspension was extracted with a 1:1 mixture of phe'nol' and 
chloroform as described by Holmes and Bonner (1973), and the 
RNA was precipitated with ethanol. The pellets were redissolved 
and both 70S and 35S MuLV RNA as well as 50 S and 30S MSV 
RNA were isolated by two consecutive sucrose gradients as 
previously described (Kerr et al.. 1976). The preparation of RNA 
from the Q0 wild-type phage and the amber mutant (Qfl ami) has 
been described (Gesteland et al., 1976). 

Cell-Free Protein Synthesis 

Reticulocyte extracts treated with micrococcal nuclease to reduce 
endogenous mRNA were used throughout (Pelham and Jackson 
1976). Dr. Bryan Roberts (Massachusetts Institute of Technology) 
supplied most of the extract used in this study. Protein synthesis 
was carried out in a total volume of 25 M l containing 10 ul of 
reticulocyte extract fortified with 0.2 mM hemin t 0.16 M g of 
creatine phosphokinase, 60 mM potassium acetate. 1 25 mM 
Mg-acetate. 6 mM creatine phosphate, 0.5 mM spermidine 2 
mM DTT, 20 mM Hepes buffer (pH 7.6). 20 M M of all amino acids 
except methionine and 25 M Ci of »S-methionine (Amersham 
England). Rabbit tRNA (Gibco) was in most cases added to a 
final concentration of 40 ng/ml. and yeast suppressor tRNAs 
were also included at final concentrations of 40 M g/ml. Incubation 
was carried out at 35"C for 1-2 hr. and synthesis was linear for at 
least 1 hr. At the end of the incubation period, the reaction 



Cell 
198 



mixture was diluted 2 fold in 1% Triton X-100, 0.5% Na-deoxycho- 
late (DOC). 0.1% SDS, 10 mM phosphate buffer (pH 7.4), and 
frozen at -20°C awaiting analyses by SDS-polyacrylamide electro- 
phoresis or immunoprecipitation. 

Antlsera against MuLV Proteins 

Rabbit antisera were produced against three of the major proteins 
of MuLV virions. Proteins were purified from 200 mg of clone 1 
MuLV (Fan and Paskind, 1974) following isopycnic banding in 
sucrose gradients. Virions at 5 mg/ml were lysed in 100 mM Tris- 
HCI (pH 8), 200 mM KCI, 0.1 mM EDTA, 20 mM dithiothreitol and 
1% NP-40. Following clarification at 10,000 rpm for 30 min, the 
supernatant was dialyzed against buffer A [50 mM Tris-HCI (pH 
8.0). 10 mM 2-mercaptoethanol, 0.1 mM EDTA, 20% glycerol, 
0.1% NP-40] plus 0.1 M KCI. The preparation was freed of nucleic 
acid by passage through DEAE-Sephadex A-25. Protein gp70 was 
then purified by passage through phosphocellulose in buffer A 
following by binding to concanavalin A-Sepharose in phosphate- 
buffered saline and elution with 0.3 M a-methylmannoside. The 
protein was finally fractionated by preparative SDS-polyacryl- 
amide gel electrophoresis (Lazarides and Hubbard, 1976). The 
major core protein (p30) was purified by gradient elution from 
phosphocellulose followed by preparative SDS-polyacrylamide 
gel electrophoresis. The reverse transcriptase was purified by 
gradient elution from phosphocellulose followed by gradient 
elution from double-stranded DNA cellulose and concentration 
by binding and step elution from phosphocellulose (Haseltine et 
at., 1977). From 100-150 hq of the purified polypeptides were 
mixed with complete Freund's adjuvant and injected into rabbits. 
After one booster injection 15 days later of a similar amount of 
antigen in incomplete adjuvant, the animals were bled over the 
following 2 weeks. Because the anti-reverse transcriptase and 
the anti-gp70 sera also contained small amounts of antibodies to 
p30 (not evident in Figure 3), an excess of purified unlabeled p30 
was added to immunoprecipitation with these antisera. 

Immunoprecipitation 

Samples (10 /il) from the cell-free translation mixture were diluted 
5-10 fold into 0.1 M NaCI, 10 mM phosphate buffer (pH 7.4), 1% 
Triton X-100, 0.5% DOC f 0.1% SDS and 1-2 fi\ of the specific 
antiserum. The mixture was incubated for 1 hr at room tempera- 
ture and overnight at 4"C. A 10% (v/v) preparation of formalde- 
hyde-treated Staphylococcus aureus (strain Cowan-1) was pre- 
pared in the dilution buffer with 1 mg/ml of bovine serum to 
prevent unspecific binding of immune complexes to the bacterial 
cell wall. From. 10-20 /J of bacterial suspension were added, and 
the incubation continued for 2-4 hr at 4"C. The bacteria were 
subsequently washed 2 or 3 times in the dilution buffer by 
centrifugation, resuspended in the sample buffer and boiled for 
3-4 min; the supernatant was analyzed by gel electrophoresis. A 
detailed description of the method of indirect immunoprecipita- 
tion with bound protein A of Staphylococcus aureus has been 
published (Kessler, 1975). 

Agarose Gel Electrophoresis of RNA 

Isolated viral RNA was analyzed analytically on 1% agarose slab 
gels at 5 V/cm for 2 hr in 10. mM Tris-acetate (pH 7.2), 1 mM 
EDTA as described by Sharp, Sugden and Sambrook (1973). The 
procedure of Bailey and Davidson (1976) was followed for meth- 
ylmercuric hydroxide gels, except that 1% agarose slab gels 
were used. Methylmercuric hydroxide was obtained from Alfa 
Products (Danver, Massachusetts) as a 1 M liquid stock solution. 

SDS-Polyacrylamide Gel Electrophoresis 

Samples from the translation mixtures were diluted 2 fold to 
reduce the salt concentration and mixed with equal volumes of a 
twice-concentrated sample buffer yielding a final concentration 
of 2% SDS, 2% 2-mercaptoethanol, 60 fiM Tris-HCI (pH 6.8) and 
20% glycerol. After boiling for 3-4 min, the samples were analyzed 
by electrophoresis on 10% polyacrylamide slab gels containing 



0.1% SDS (Laemmli, 1970). Autoradiography of the dried poly- 
acrylamide gels was with Kodak Xomat film XR5. To quantitate 
the relative amounts of radioactivity in the different bands, the 
films were scanned by a densitometer and the peak area was 
determined for each peak. The same amount of the translation 
mixture was applied to each gel slot. 

Suppressor tRNA from Yeast 

The yeast strains DBA317 and H159 originally isolated by Bran- 
driss, Soil and Botstein (1975) and Hawthorne and Leupoid (1974) 
were used to isolate enriched amber and ochre tRNA, respec- 
tively. Serine tRNA was also isolated from DBD195, the nonsup- 
pressor parent strain of DBA317. Total RNA was extracted, and 
uncharged tRNA was isolated as previously described (Gesteland 
et al., 1976). The tRNA from all strains was enriched for the 
serine tRNA by sequential chromatography on BD-cellulose and 
Sepharose 4B (Gesteland et at., 1976). The suppressing activity, 
like the major serine tRNA species, was retarded during both 
chromatography steps. The final pooled fractions were about 
50% pure with respect to their ability to accept serine, but the 
suppressor tRNA represents an unknown, although probably 
small, fraction of the total tRNA present. In some experiments, 
an apparent UGA suppressor tRNA from a yeast strain (5307) was 
also used. Purified tRNA was added at 20-40 /ig/ml to the 
translation mixture. 
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ABSTRACT 60-70 S RNA of avian myeloblastosis virus 
was spread with the Kleinschmidt method and examined 
in the electron microscope after being subjected to a variety 
of denaturing conditions. Extension of the molecules from 
a collapsed configuration was seen only under stringent 
denaturing conditions, resulting in molecules of 1-2 /xm in 
length. Longer strands of these extremely fragile molecules 
cannot be obtained with the methods presently available. 

It has been postulated that the high-molecular-weight RNA 
of oncornaviruses may be composed of 3 or 4 subunit mole- 
cules (1-6), linked by small hydrogen-bonded, double-stranded 
regions (7). Smaller RNA molecules have also been found to 
be associated, with the 6O-70S high-molecular-weight RNA 
(8, 9). Publications on the ultrastructure of the RNA from 
a variety of oncornaviruses are few, understandably so in 
light of the complex nature of the molecule. Granboulan, 
Huppert, and Lacour (10), using the Kleinschmidt spreading 
technique (11), first showed the structure of RNA from avian 
myeloblastosis virus (AMV) with molecules of up to 10 /im 
in length. Similar results were obtained by Kakefuda and 

£ Bader (12) in examining the RNA from murine leukemia virus. 
Recently Whalley (13) described molecules from feline leu- 

„ kemia virus as being comparable to those observed by Gran- 
boulan. However, Sarkar and Moore (14) found only relatively 
short molecules associated with mouse mammary tumor virus. 
But these, it was suggested, may represent the subunit 
moities. 

Problems of spreading RNA molecules from oncornaviruses 
are numerous. Our initial attempts, using the high-molec- 
ular-weight RNA from plasma AMV, together with published 
techniques of spreading (10-12, 14-16, 18), were nonproduc- 
tive: long, extended strands identical to those previously 
reported for other oncornavirus RNA (10, 12-14) were found 
to be contaminating duplex DNA that was always present 
in small amounts in the 60-70S high-molecular-weight 
RNA fractions (manuscript in preparation). However, re- 
cently published techniques now allow for a direct visual 
discrimination of single- compared to double-stranded mole- 
cules (18). Because of random base interactions, single- 
stranded molecules must be subjected to some form of de- 
naturation before extended strands can be seen. Duplex 
molecules apparently need no denaturation. Unfortunately, 
most authors have reported long strands of oncornavirus 
"RNA" under conditions suitable only for the extension of 



i Abbreviation: AMV, avian myeloblastosis virus. 



duplex molecules (10, 12-14). Thus , the evidence indicates 
that previously published illustrations represent the contam- 
inating strands of duplex DNA. 

The following report presents experiments demonstrating 
the ultrastructure of 60-70S RNA from AMV under a variety 
of spreading conditions. 

MATERIALS AND METHODS 

AMV RNA was isolated from plasma virus, supplied by 
Dr. J. W. Beard (Life Sciences, Inc., St. Petersburg, Fla.), 
by a sodium dodecyl sulfate-phenol extraction. Virus was 
first concentrated from the plasma by isopycnic centrifuga- 
tion in a sucrose gradient in TNE buffer {10 mM Tris, pH 
8.(H).15 M NaCl-1 mM EDTA). The visible virus band was 
collected, diluted with TNE buffer, pelleted by centrifuga- 
tion, and resuspended in buffer. Sodium dodecyl sulfate was 
added to give 1% (w/v). This was followed by the addition 
of an equal volume of buffer-saturated phenol containing 
0.1% (w/v) 8-hydroxyquinoline. The mixture was kept at 
4° for 10 min with periodic agitation. Aqueous and phenol 
phases were separated by centrifugation at 18,000 X g for 
10 min. The phenol phase was removed and the extraction 
repeated. The final aqueous phase was twice extracted with 
cold anhydrous ether, and samples were then taken for Klein- 
schmidt spreading and analysis by sedimentation velocity 
centrifugation. In some preparations extraction of the RNA 
with ether was replaced with dialysis against TNE buffer. 

Grids of AMV RNA were prepared by modifications 
of the protein monolayer techniques of Kleinschmidt and 
Zahn (15), Westmoreland et al. (16), and Rpbberson et al. 
(17). Four different spreading conditions were used, each 
varying in its capacity to denature the RNA molecules. (I) 
RNA to be spread was initially diluted 1:10 with 4 M urea. 
To 25 u\ of the diluted RNA, the following were added: 20 n\ 
of 1 M ammonium acetate and 5 m1 of cytochrome c (1 mg/ 
ml); the hypophase was 15 mM ammonium acetate. (II) 
As described in I, with the exception that the RNA was 
originally diluted with 8 M urea. (Ill) Five microliters of 
RNA were diluted with 40 u\ of 0.8 M urea prepared in 99% 
formamide (Matheson, Coleman, and Bell, East Rutherford, 
N.J.). Then 5 u\ of cytochrome c (0.5 mg/ml in 0.5 M Tris, 
pH 8.0-50 mM EDTA) were added. The hypophase con- 
sisted of: 10 mM Tris, pH 8.0-1 mM EDTA. (IV) As de- 
scribed in III, with the exception that the RNA was diluted 
with 4 M urea made in 99% formamide. The concentration 
of RNA in all spreading solutions was approximately 0.33 



1887 



/'roc. Nat. Acad. Set. USA 71 {1974) 




Fig. L Electron micrographs of 60-70S AMV RNA. AMV RNA was fractionated in a 10-30% (v/v) glycerol gradient made in TNF 
buffer. Centrifugation was for 80 min at 50,000 rpm in an SWoO rotor. Fractions were collected and samples were taken for both A 
t nT D £ A S T d ^ (a) RNA v in * ia11 ? diluted with 4 M ™*> ^ spread in the presence of 0.4 M ammonium acetate an* 
cytochrome c (b) As described in a, with the exception that the RNA was diluted with 8 M urea, (c) RNA spread in the presence of 
approximately 0.8 M urea and 80% formamide. (d) RNA spread in 4 M urea and 80% formamide. The bar represents 1 0 M m 



Mg/ml. All solutions to be spread were applied to an appro- 
priate hypophase by a glass slide, according to the aqueous 
technique described by Davis et al. (18). The RNA protein 
film was picked up onto the surface of Parlodion-covered 
grids, stained with uranyl acetate (18), and rotary shadowed 
with platinum- paladium at an angle of approximately 8°. 
The grids were examined as described (19). 

RESULTS AND DISCUSSION 

Examples of our results with 60-70S AMV RNA spread under 
the above conditions are presented in Fig. 1. Dilution of 
the RNA with only 4 M (Fig. la) or 8 M urea (Fig. 16) had 
no noticeable effect on the configuration of the collapsed 
molecule. Extension of the molecules from the collapsed 
configuration occurred only under the combined denaturing 
effects of both urea and formamide (Fig. 1c). Fully extended 




molecules were observed under the conditions of Robberson 
et al. (17), i.e., approximately 4 M urea and 80% formamide 
(Fig. Id). 

An examination of molecule length at various stages of 
"unraveling" resulted in the longest molecules being observed 
under the most stringent of denaturing conditions (Figs. 
Id, 2, and 3); A histogram of extended 60-70S AMV RNA 



Fig. 2. AMV 60-70S RNA spread in the presence of 4 M urea 
and 80% formamide. The bar represents 1.0 /an. 




Fig. 3. Unfractionated AMV RNA spread as described in 
Fig. 2. The bar represents 1.0 ^m. 
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Fig. 4. Histogram of AMV 60-70S RNA spread as described 
in Fig. 2. A total of 197 molecules was measured. 

molecules is presented in Fig. 4, showing modal lengths of 
0.7 fim, 1.1 /im, and 1.9 Mm. A total of 197 molecules was 
measured. Molecular weight determinations (20) of the mole- 
cules observed here resulted in values of 0.7 X 10 6 1 2 X 
10*, and 2.2 X 10 6 . 

On the assumption that the conditions used here for ex- 
tending the molecules may also have led to a disruption of 
covalent bonds, isolation and' purification techniques iden- 
tical to those used for AMV RNA were used to examine the 
nonsegmented RNA from vesicular stomatitis virus (mo- 
lecular weight 3.2 X 10«) (21) and Newcastle disease virus 
(molecular weight 5.2 to 5.6 X 10 6 ) (22). Spread under the 
above conditions (IV), both RNAs exhibited lengths that 

•correspond closely to their molecular weights (manuscript 

!;in preparation) (Fig. 5). 

p It is apparent, then, that AMV 60-70S RNA is not a linear 
>valently-bonded molecule of 8-10 ^m. However, molecules 
?bf the length seen here may represent subunits previously 
^linked by short stretches of hydrogen bonding (7). The ex- 
|tensive denaturation used to "stretch" the molecule may have 
"also disrupted these double-stranded regions. To date, the 
;bnly visual evidence of possible double-strandedness within 
>the molecule occurs with the appearance of loops or folded 
regions similar to those demonstrated by Wellauer and Dawid 
:(23)forribosomalRNA. 

; An alternative explanation of the results seen here is that 
the RNA sedimenting at 60-70S may consist of a complex of 
discrete, short molecules in an extremely collapsed con- 
figuration. Denaturation of 60-70S RNA would change, as is 
seen here, its tertiary structure, which would result in changes 
<px its sedimentation constant (1-4) and electrophoretic mobil- 
ity (1, 3, 5). The irreversibility of the denaturation process (4) 
Seems to substantiate this arrangement of molecules in the 
^Virion. 

; The question of the true length of the intact viral genome 
may still be unanswered. Methods used to extend the molecule 
|or length determination may irreversibly disrupt the genome, 
jjjb ultrastructural analysis of the high-molecular-weight 
fjfNA in the absence of denaturing agents should be done, 
a % by examining the duplex RNA • DN A hybrid formed by 
ie RNA-directed DNA polymerase of RNA tumor virus (24). 




Fig. 5. Electron micrographs of the RNA from vesicular 
stomatitis virus (a) and Newcastle disease virus (6) spread in the 
presence of urea and formamide. Measured length corresponds 
to a molecular weight of approximately 3.2 X 10 6 for RNA of 
vesicular stomatitis virus and 5.0 X 10 6 for RNA of Newcastle 
disease virus. The bar represents 1.0 fan. 
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Summary 

We have synthesized a convenient electron micro- 
scope label for mapping poly(A) sequences. Short 
lengths of poly(dT) are polymerized onto nicked 
circular SV40 DNA with the enzyme terminal deoxy- 
nucleotidyl transferase. An RNA or DNA molecule 
of interest is treated with glyoxal, hybridized briefly 
with the poly(dT) circles, and spread for micros- 
copy; poly(A) stretches are clearly marked be- 
cause they are attached to the poly(dT) on the easi- 
ly recognized SV40 duplex circles. 

The RNAs of several type C oncornaviruses were 
examined by this method. The endogenous feline 
virus(RD-114), the endogenous baboon virus(BKD), 
and the woolly monkey sarcoma virus (WoMV) all 
contain a dimer of RNA subunits held together in 
a central secondary structure feature we call the 
dimer linkage structure. Both ends distal to the 
dimer linkage structure hybridize to the SV40- 
poly(dT). Assuming both poly(A)s are on the 3' 
ends of the subunits and that both subunits are 
identical, the two identical subunits are held to- 
gether by Interactions between sequences close to 
the 5' ends. 

Introduction 

We have developed a reliable, efficient method for 
identifying and mapping poly(A) stretches in nucleic 
acids by electron microscopy. We have used this 
technique to study the structure of the RNA of RD- 
114 and other tumor viruses. 

Electron' microscope studies in this laboratory 
(Kung et al., 1975; Kung et al., 1976) show that the 
high molecular weight RNA molecules extracted 
from several different RNA tumor viruses are 
dimers, with reproducible secondary structures. 
Each of the two monomer subunits of any one dimer 
has a molecular length of approximately 10 kb 
(kb = kilobase, 1000 nucleotides). 

In the dimer, an end of one monomer is noncova- 
lently joined to an end of the other monomer in a 
central secondary structure feature. This feature in 
RD-T14 RNA was previously called the "rabbit ears" 
(Kung et al., 1975), but because its shape is dif- 
ferent in different tumor virus RNAs, we now prefer 
the more general term, dimer linkage structure. 
Each dimer thus has two monomer ends joined in 
the dimer linkage structure and two free ends. We 



have determined the positions of poly(A) sequences 
in the dimers and in dissociated monomers. 

The obvious method for electron microscope 
mapping of poly(A) stretches in a nucleic acid 
strand is to hybridize the poly(A) to a poly(dT) or 
poly(U) strand attached to a suitable electron mi- 
croscope label. The initial problem encountered is 
that A-T and A-U base pairs are relatively unstable, 
so that the moderately denaturing conditions need- 
ed to extend single-strand nucleic acids in electron 
microscope spreads cause dissociation of the 
poly(A)-poly(dT) or poly(A)-poly(U) duplexes. This 
difficulty was overcome by Hsu, Kung, and David- 
son (1973) by treating the nucleic acid with glyoxal. 
Under suitable reaction conditions, glyoxal is 
bound only to G residues and blocks their base 
pairing capability (Broude and Budowsky, 1971). 
This reaction disrupts the secondary structure of 
most nucleic acids sufficiently so that they can be 
extended for electron microscopy by weakly dena- 
turing solvents (such as 30% formamide, 0.1 M Tris) 
in which poly(A)po!y(dT) duplexes are stable. Hsu 
and his co-workers used long poly(dT) strands to 
label the poly(A) sequences at the end of Sindbis 
virus RNA. This method was moderately effective, 
but discrimination between the poly(dT) strand and 
the Sindbis RNA strand was not always certain. 
Lizardi, Williamson, and Brown (1975) hybridized 
poly(dT) to glyoxal-treated silk fibroin mRNA, then 
added excess poly(A), and observed the resulting 
duplex regions at the ends of some of the mRNA 
molecules. In this method, the duplex region cannot 
always be clearly recognized. For whatever rea- 
sons, the overall efficiency of labeling by either 
method was rather low. 

Carbon, Shenk, and Berg (1975) constructed a 
better label for poly(A) mapping by cleaving SV40 
DNA circles with Rl endonuclease, resecting the 5' 
ends with X-exonuclease, and polymerizing'short 
po!y(dT) on the exposed 3' ends with terminal deoxy- 
nucleotidyl transferase. We used some of Carbon's 
extended SV40 DNA and found it very efficient at 
labeling poly(A) on Sindbis RNA. The poly(A) 
stretch was marked where a linear SV40 duplex 
DNA joined a linear Sindbis single-strand RNA, but 
the contrast between single strands and double 
strands in the electron microscope was seldom 
good enough to pinpoint the SV40 DNA to Sindbis 
RNA junction. We subsequently noticed that termi- 
nal transferase can polymerize poly(dT) at nicks in 
nicked circular SV40 DNA (as previously reported 
by Jackson and Berg in a personal communication 
to Lobban and Kaiser, 1973). We have found that 
the resulting SV40 circles with poly(dT) tails are ex- 
cellent markers for poly(A) mapping. 
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Results 

SV40-Poly(dT) . 

When SV40 DNA was incubated with terminal trans- 
ferase and thymidine triphosphate under the condi- 
tions described in Experimental Procedures, the en- 
zyme polymerized long poly(dT) tails on the circle, 
presumably at single-strand nicks (Figure 1). In trial 
reactions using an SV40 DNA concentration of 20 
jig/ml, the average tail length was 650 bases after 
90 min and 2000 bases after 270 min. After the 90 
min reaction, there were, on average, two tails per 
circle. 75% of the treated SV40 DNA bound to 
poly(A)-sepharose and was eluted in 0.1 M NaCI at 
about 65°C, the expected melting temperature for 
poly(A)-poly(dT) duplexes (Riley, Maling, and 
Chamberlin, 1966). 24 hr incubations did not pro- 
duce tails longer than about 2000 bases on 
average, but there were more tails per circle and 
many unattached pieces of poly(dT). About half the 
SV40 DNA was in the supercoiled form initially, but 
almost all the molecules contained poly(dT) after 
the incubation, so that some endonucleolytic nick- 
ing must occur during the terminal transferase 
reaction. 

To prepare SV40 with very short tails, we used 
a 1 hr incubation with 500 jug/ml SV40 DNA. This 
produced an average of two visible tails per circle, 
each about 175 bases long. 

Sindbis RNA 

Sindbis RNA was used as a first test system for 
poly(A) mapping techniques, since the RNA is long 
and had been studied previously (Hsu et ah, 1973). 
Over 90% of Sindbis molecules contain poly(A), but 
the size of the poly(A) sequence is somewhat heter- 
ogeneous; the average length is about 60 nucleo- 
tides, with about 60% of the poly(A) molecules be- 
tween 50 and 70 bases long (T. Frey and J. Strauss, 
manuscript in preparation). Sindbis RNA treated 
with glyoxal was first hybridized with a preparation 
of SV40 with long (about 2 kb) dT tails. Many clear 
hybrids were found (Figure 2), but the long tails of 
poly(dT) were a disadvantage, since the Sindbis 
RNA often hybridized to the end of the poly(dT). 
The resolution of these cytochrome spreads is not 
sufficient to distinguish the poly(A) poly(dT) duplex 
region from the single strands, so that the poly(A) 
end of the Sindbis RNA could be anywhere within 
a few thousand bases of the SV40. In subsequent 
experiments, we used SV40 with much shorter tails 
—about 175 bases long. For the long RNA mole- 
cules of Sindbis or RNA tumor viruses, the length 
of the short poly(dT) tails was negligible, and the 
poly(A) end of the RNA was assumed to start at 
the SV40 circle. 



In measuring the efficiency of poly(A) hybridiza- 
tion to the SV40-poly(dT), it was not practical to 
score only full-length (14 kb) Sindbis RNA mole- 
cules since very few molecules were unbroken. Of 
the RNA molecules greater than half size (7 kb), 
the.fraction in clear hybrids with SV40-poly(dT) was 
only about 40%, even if the RNA was preselected 
for poly(A) sequences by binding to oligo(dT)- 
cellulose. It is probable that some of the shorter 
Sindbis poly(A) sequences would dissociate from 
the SV40-poly(dT) under our spreading conditions. 
Breakage of the RNA during the annealing proce- 
dure might also lower the apparent hybridization ef- 
ficiency. Despite the incomplete labeling of Sindbis 
poly(A), it was clear from these initial studies that 
the SV40-poly(dT) circles would be effective for 
mapping poly(A) stretches in tumor virus RNA. 

RD-114 

The RNA of the endogenous feline type C virus, RD- 
114, has been extensively studied in our laboratory 
(Kung et al., 1975). The 52S RNA from the virion 
appears to be a dimer (20 kb) whose two 26S sub- 
units (10 kb) are held together in a X shaped or 
X. shaped structure that we had previously named 
the rabbit ears, although we now prefer to describe 
it as the dimer linkage structure. An additional sec- 
ondary structure feature observed in this RNA is a 
loop with a circumference of 3.8 kb located about 
2.4 kb from the dimer linkage. The conditions nor- 
mally used for electron microscope spreading are 
sufficiently denaturing so that a loop is opened up 
about 50% of the time. 

When the 52S dimer RNA of RD-114 is treated 
with glyoxal and allowed to hybridize with SV40- 
poly(dT), the majority of the molecules have struc- 
tures similar to those shown in Figure 3. The RNA 
forms a circular structure with the two free ends 
joined to a single SV40-poly(dT) circle at different 
(dT) tails and with the dimer linkage structure in 
the center of the RNA. Thus there is a poly(A) se- 
quence at each of the two free ends of the 52S 
RD-114 RNA. In the molecule shown in Figure 3A, 
both loops have opened up; both loops are present 
in the molecule shown in Figure 3B. 

It is rather rare (1 of 67 cases) to see an RD-114 
dimer with each end joined to a different SV40- 
poly(dT) circle (such as is shown in Figure 5 for 
the RNA from BKD, a baboon virus). This is expect- 
ed according to the theory of ring closure of linear 
chains (Jacobson and Stockmayer, 1950; Wang 
and Davidson, 1966), since the equivalent concen- 
tration of the unhybridized poly(A) end in the neigh- 
borhood of an end already bound to SV40 is about 
1 .4 x 10-8 M [assuming a Kuhn statistical segment 
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Figure 1. Electron Micrograph of a Molecule of Circular Double-Strand SV40 DNA (Contour Length 5.5 kb) with 5 Attached Poly(dT) 
Sv'JdNA 3 " 96 ^ ,en9th fr ° m 22 '° 3 0 m ° ,eCU,e WQS f r0dUCed by 3 4 ' 5 hf termlnal transferase taction with 20 M g/ml of 



Cell 
598 




*. *.» ; . • — - ». • — - - ■ 

Figure 2. A Molecule of Sindbis RNA Hybridized to an SV40 Circle with Long Poly(dT) Tails 
The arrow indicates the fork that we identify as the Junction of the RNA with the poly(dT). 
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length (b) of 2 x 10-* cm for RNA (see appendix 
to Schmid, Manning, and Davidson, 1975)], 
whereas the concentration of free SV40 molecules 
is only about 5 x 10-'° M. 

If the glyoxal-treated RD-114 is heated to 90°C 
for 10 sec in 10 mM Tris, 1 mM EDTA before hybridi- 
zation and spreading, the dimers dissociate at the 
dimer linkage structure, and the 3.8 kb loops also 
melt out, leaving 10 kb linear RNA subunits which 
hybridize to the SV40-poly(dT) at one end only (data 
not shown). Thus there are no poly(A) sequences 
buried within the dimer linkage structure. 

We wish to count directly the fraction of RD-114 
molecules with poly(A) stretches. RD-114 RNA was 
hybridized with SV40-poly(dT) and spread. A large 
random sampling of RD-114 molecules was photo- 
graphed whether or not they were attached to 
SV40. The length of the RD-114 subunit was deter- 
mined as the average distance from ends clearly hy- 
bridized on SV40 to a clearly defined dimer linkage 
structure ([L] - 9.8 kb; standard deviation, a, = 1 
kb). All molecules were measured from end to dimer 
linkage, or from end to end if there was no dimer 
linkage structure, and those, whose lengths were 
within 1 standard "deviation of [L] were scored (Fig- 
ure 4). Of these, 76% (88/115) were hybridized to 
the SV40 circles. This is a minimum estimate of the 
percentage of monomers with poly(A), because 
monomer molecules with a few hundred bases at 
the 3' end broken off would be scored as full length 
and because the hybridization efficiency may be 
<100%. The 76% also gives a minimum estimate 
for the efficiency of hybridization and scoring with 
the SV40-poly(dT) circles. 

Other Tumor Viruses 

We have examined the RNAs of several other type 
C viruses to see if they have similar secondary 
structure and poly(A) position. BKD, an endoge- 
nous baboon virus, contains RNA which after glyox- 
al treatment shows much the same structure as 
found with RD-114 (Kung et al., 1976). Again, we 
see a dimer linkage structure and 3.7 kb loops! 1 .9 
kb from the dimer linkage. The dimer linkage struc- 
ture itself is slightly different, usually looking like 
Uor +or sometimes A. Hybrids with SV40-poly(dT) 
again show poly(A) regions at both free ends 
(Figure 5). 

WoMV is a simian sarcoma virus isolated from a 
woolly monkey fibrosarcoma. Some investigators 
refer to this virus preparation as SSV-1. It should 
be noted that WoMV preparations contain a large 
excess of nontransforming helper virus (Wolfe, 
Smith, and Deinhardt, 1972), and so it is really the 
RNA of this associated virus that we are studying 
here. The usual glyoxal treatment dissociated most 
dimers into subunits, indicating that the cohesion 



of the WoMV monomers within the dimer linkage 
structure is less stable than for RD-114 or BKD 
Nevertheless, many dimers were observed and 
measured. There is a dimer linkage structure, usual- 
ly -¥-or+ shaped, and loops of about 3.9 kb, 1.4 
kb from the dimer linkage (Kung et al., 1976). Both 
free ends hybridize to SV40-poly(dT) (Figure 6). 

For Rous sarcoma virus, the usual 1 hr incubation 
with glyoxal causes dissociation of all of the 60-70S 
RNA to 9.5 kb monomers, indicating that the 60- 
70S complex dissociates more readily than does the 
WoMV dimer. It is difficult to find spreading condi- 
tions under which the RNA is sufficiently extended 
to be traced while still retaining structures larger 
than 9.5 kb monomers. The best results so far have 
been obtained by treating 60-70S RNA with glyoxal 
for only 10-15 min, dialyzing against 10 mM Tris 
1 mM EDTA as usual, heating that low salt solution 
to 37°C for 15 sec, and then hybridizing and 
spreading. This procedure, like the gene 32 spread- 
ing method of Mangel, Delius, and Duesberg 
(1974), gave some molecules with a total contour 
length of about 1 9 kb. Figure 7 is a plot of the length 
distribution of all molecules in a particular sample 
which were attached to an SV40-poly(dT) label. 
There is a clear peak at the monomer RNA length 
of about 9.5 kb. Of the molecules that are of dimer 
length (about 19 kb), about half are attached to 
SV40-poly(dT) circles by two poly(A) ends (solid 
bars). In these molecules, the structures are often 
not easily interpretable, and the non-poly(A) ends 
are usually not closely associated. Such a molecule 
is shown in Figure 8a. We do, however, find rare 
examples in which the two non-poly(A) ends of the 
RSV monomers are joined in an apparent dimer 
linkage structure (Figure 8b). 

Discussion > 

The method described here should be generally 
useful for mapping sufficiently long poly(A) se- 
quences at the ends of single-strand RNA mole- 
cules. The efficiency of labeling is high for the 
poly(A) ends on Sindbis RNA and for the several 
tumor virus RNAs studied, although there is only 
a slight excess of SV40-poly(dT) molecules over 
viral RNA molecules in the hybridization mixture 
The double-strand SV40 circles stand out clearly 
in the electron microscope; this permits rapid scan- 
ning for hybrids at low magnification. Since the 
single strand of the hybridized RNA stops right at 
the double-strand circle, there are very few acci- 
dental overlaps that would be scored as hybrids, 
and the positioning of the end is limited only by 
the size of the poly(dT) tails. In addition, the SV40 
circle provides an automatic internal length stan- 
dard. This marker should be very useful for map- 
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Figure 3. An RD-114 RNA Dimer without Loops (A) and with the Symmetrically Disposed Loops (B). Each Hybridized at Both Ends to 
an SV40 DNA Circle with Short Poly(dT) Tails 

The dimer linkage structure is indicated. A tracing of the connections of the RNA with the SV40 circle is shown for (B). 
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ping secondary structure features or heteroduplex 
regions with respect to the poly(A) ends of viral 
RNAs, mRNAs, and heterogeneous nuclear RNAs. 
However, the technique relies on glyoxal treatment 
and low formamide spreading; the hybrids are not 
stable in 50% formamide. 

We do not know how the efficiency of labeling 
varies as a function of the poly(A) length, but we 
suspect that poly(A)-poly(dT) hybrids shorter than 
about 50 base pairs would dissociate in 30% form- 
amide. The present method will probably be poor for 
mapping internal poly(A) sequences within long 
single-strand molecules, since hybrid SV40 circles 
would often lie on top of the single-strand molecule. 
There would then be two or more crossover points, 
and it would not be clear which intersection is the 
poly(A) site. 

Many oncornavirus RNAs have been shown to 
contain poly(A) (Lai and Duesberg, 1972; Green 
and Cartas, 1972; Ihle, Lee, and Kennedy, 1974; 
Wang and Duesberg, 1974; Quade, Smith, and 
Nicols, 1974), and in some cases (including RSV), 
the end of the poly(A) stretch has been identified 
as a 3' end (Wang and Duesberg, 1974; Quade et 
al., 1974; Rho and Green, 1974). In RSV, it appears 
that there are only two subunits per 60-70S com- 
plex by biophysical (King, 1976) and electron micro- 
scopic measurements (Mangel et al., 1974; these 

— i — i 1 1 1 1 — i 1 — i 1 — i — r— j — i — i 1 — i r 



<L> 




Length (kb) 

Figure 4. A Measurement of the Fraction of Full-Length Monomer 
Units Having Poly(A) Ends Attached to SV40-Poly(dT) 
All long molecules in fields chosen at random were photographed. 
Lengths of monomer subunits were measured. The glyoxal treat- 
ment caused dissociation of about 25% of the RD-114 RNA into 
monomer-length molecules with no recognizable dimer linkage 
structure. These were measured directly. In molecules with a clear 
dimer linkage structure, the length from this feature to each end 
was measured. Open bars represent atl molecules; solid bars repre- 
sent molecules hybridized to SV40-poly(dT). The indicated average 
monomer length ([L]) and standard deviation (o) were calculated 
from molecules which had a dimer linkage structure and which 
were attached to SV40-poly(dT), and thus must have been unbro- 
ken monomer subunits. Of molecules within 1 standard deviation 
of this average full length, 76% are attached to SV40-poly(dT). 



results), and all 35S subunits are probably identical 
(Duesberg et al., 1 974; Weissmann et al., 1974). The 
studies reported by Kung et al. (1975, 1976) show 
that RD-114, BKD, and WoMV viral RNAs all have 
a dimer structure with two monomer ends joined 
in the dimer linkage structure. The present study 
shows that each monomer has a poly(A) stretch on 
the free end. Assuming that RD-114, BKD, and- 
WoMV have identical subunits with poly(A)s at the 
3' ends, then the dimer linkage structure must be 
a complex of two identical (not homologous) 5' 
ends'. Some speculations as to the nature of the 
binding of the monomers in the dimer linkage struc- 
ture are given in the accompanying paper (Kung 
et al., 1976). 

Only a few dimer molecules with overlapping 5' 
ends were observed in Rous sarcoma virus RNA, 
and there were no reproducible large loops. It may 
be that the 5' to 5' dimer linkage structure and the 
loops occur in native RSV 60-70S RNA, but that 
they are much more readily dissociated than for the 
other RNAs studied here. Alternatively, the few 
structures we have seen may be due to accidental 
overlaps. 

There have been reports that not all viral subunits 
have poly(A) ends; only 65% of RSV subunits (Wang 
and Duesberg, 1974) and 40% of RD-114 subunits 
(Ihle et al., 1974) bound to oligo(dT)-cellulose .or 
poly(U)-sepharose. In these several studies, how- 
ever, the full-size subunits were purified by sucrose 
gradient sedimentation, and this procedure 
depends critically upon the resolving power of the 
gradient and on the quality of the RNA (that is, what 
fraction of the molecules are almost, but not quite, 
full-length). King and Wells (1976) have recently 
shown that when RSV is collected with very short 
(10 min) harvests and the RNA subunits are re- 
solved on polyacrylamide gels, >90% of the sub- 
units contain poly(A). We have shown here by direct 
counting of hybrids that at least three fourths of 
the intact RD-114 subunits have poly(A). Our ability 
to resolve full-length molecules from almost full- 
length is limited by the 10% variation in length of 
glyoxal-treated RD-114 RNA. Furthermore, as 
shown by King and Wells (1976) and many other 
investigators, the quality of the RNA can probably 
be improved by harvesting the virus at shorter inter- 
vals. Our results, therefore, tend to support the view 
that atl intact subunits of RD-114 have poly(A) ends. 

Experimental Procedures 

SV40 DNA was a gift from Dr. Haruml Kasamatsu. It was extracted 
from SV40-infected TC-7 African Green Monkey cells. Sindbis 
virus, grown on chick embryo fibroblasts, was a gift from Dr. Jim 
Strauss, and the RNA was isolated as described previously (Hsu 
et al., 1973). RD-114, BKD. and WoMV viruses were prepared as 
described in the accompanying paper (Kung et al.. 1976). RSV 
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Figure 5. A BKD RNA Dimer Hybridized to SV40 Circles with Short Poly(dT) Tails 

An arrow indicates the dimer linkage structure. This molecule is one of the unusual cases in which each poly(A) end is hybridized to 
a different SV40-poly(dT) circle. 
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Figure 6. An WoMV RNA Dimer Hybridized to an SV40 Circle with Short Poly(dD Tails 
The RNA shows the symmetrically placed large loops. The dimer linkage structure is indicated. 
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pharose. The sample to be absorbed to the poly(A)-sepharose was 
mixed with 1 ml of 0.1 M NaCI, 10 mM Tris, 1 mM EDTA (pH 7.5), 
and put over a column of 1 ml bed volume at a rate of about 
0.2 ml/min at 25 °C. The column was eluted with the same buffer 
at increasing temperature. 

Oligo<dT)-Cellulose 

The oligo(dT)-cellulose column (1 ml bed volume) was loaded and 
washed as the poly(A)-sepharose, except that everything was done 
at 4°C. The column was eluted at 37° C with 5 ml of 10 mM Tris, 
1 mM EDTA (pH 7.5) at a flow rate of 1 ml/min. 

Glyoxal Treatment and Hybridization 

RNA was incubated with 1 M glyoxal, 10 mM sodium phosphate 
(pH 6.7) at 37° C for up to 1 nr. The mixture was then dialyzed 
against 1 0 mM Tris, 1 mM EDTA (pH 8.5) for 24 hr at 4°C to insure 
removal of glyoxal reversibly bound to A and C residues (Broude 
and Budowsky, 1971). About 0.01 fig of RNA was. then mixed with 
about 0.02 tig SV40-poly(dT) in 5-20 fi\ of 0.4 M Tris. 0.04 M EDTA 
(pH 8.5). The mixture was allowed to stand at room temperature 
for 5-15 min before spreading. The expected Cot a for 
poly(A)2oo • poly(dT) 20 o reassociation at a cation concentration of 
0.25 M at 38°C is about 2 x 10-* M sec (Lee and Wetmur, 1972). 
Our incubations [about 100 ng/mt in poly(A) and poly(dT), about 
0,24 M in cations, 10', 25°C] reach a Cot of about 1.8 x 10-* 
M sec, that is, a 90 fold excess over Cot % [neglecting corrections 
for temperature and for the unknown effects of the lengths of 
strands to which the poly(A) and poly(dT) are attached]. 

Spreading 

Hybrids were spread by the formamide, cytochrome C method 
(Davis, Simon, and Davidson, 1971) using 30 or 40% formamide 
in the hyperphase with 2 or 12% formamide in the hypophase, 
respectively. Grids were rotary-shadowed with platinum palladium 
and examined using a Phillips 300 electron microscope. Molecules 
of interest were photographed and the contour lengths were mea- 
sured using a Hewlett-Packard digitizer. A diffraction grating was 
used to calibrate the length of SV40 circles (1 .76 ± 0.06 /im), and 
SV40 was available as an internal length standard on all spreadings. 
Kilobase lengths of glyoxal-treated single-strand RNA were com- 
puted assuming 3.91 kb//tm as measured for glyoxal-treated E. 
coli 23S ribosomal RNA (Hsu et al. t 1973). The lengths of RD-114 
and RSV monomers given here are slightly larger than those pre- 
viously reported (Kung et al., 1974, 1975). This correction resulted 
from a more accurate calibration of the microscope magnification. 
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Analysis of the Genome of an Endogenous, Ecotropic 
Retrovirus of the AKR Strain of Mice: Micromethod for 
Detailed Characterization of High-Molecular- Weight RNA 

FINN S. PEDERSEN and WILLIAM A. HASELTINE* 

Sidney Farber Cancer Institute, Department of Pathology, Harvard Medical School, Boston, 

Massachusetts 02115 

A detailed characterization of the genome of an endogenous, ecotropic type C 
virus, the Akv virus, is presented. Approximately 100 RNase T r resistant oligo- 
nucleotides characteristic of the Akv genome were identified by two-dimensional 
gel electrophoresis, and the complete nucleotide sequence is presented for 75 of 
these oligonucleotides, A correspondence between the sequence of some of these 
oligonucleotides and the amino acid sequence of some virus-coded gag gene 
proteins is reported. For this study we developed methods suitable for the analysis 
of high-molecular-weight RNA species in nanogram quantities. The in vitro 
labeling procedures used here led to uniform labeling of the unique oligonucleo- 
tides. 



The high incidence of spontaneous leukemia 
in several inbred strains of mice is associated 
with the persistent expression of endogenous 
retroviruses (30, 35). Studies of genetic factors 
determining retrovirus expression in the AKR 
strain of mice have identified two dominant 
genetic loci {Akv-1 and Akv-2) coding for the 
information for complete virus genomes (6). The 
viruses produced by these two loci are identical 
or very closely related (29). The relationship of 
this virus, here termed the Akv virus, to the 
ultimate appearance of thymic lymphomas re- 
mains unclear. The virus is persistently ex- 
pressed in the animals from early in life, but the 
thymic leukemia does not develop until after 6 
months of age. Although the virus itself is not 
oncogenic, its expression is correlated with the 
induction of the disease, since crosses of AKR 
mice with strains that restrict the expression of 
Akv virus do not develop spontaneous thymic 
leukemia (21, 30). 

The recent isolation of several other groups of 
viruses with distinct biological properties from 
this strain of mice (17, 18, 22, 33) has prompted 
speculations regarding the role of virus variants 
in the leukemogenic process. To elucidate the 
mechanisms for the generation of this diverse 
family of viruses in AKR mice and to understand 
this variation in relation to the development of 
the disease, we have begun a detailed character- 
ization of the genomes of viruses of this family. 

As sensitive tools for a rapid characterization 
of high-molecular-weight RNA, we used the 
techniques of oligonucleotide mapping and RNA 
sequence analysis. To enable the characterizar 
tion of RNA of viruses produced in low titers in 
tissue oUture, as well as viruses from animal 



tissues, we adapted these techniques to the anal- 
ysis of nonradioactive RNA in nanogram quan- 
tities. 

Here we describe techniques for the isolation 
of retrovirus RNA in small amounts, as well as 
procedures for the analysis of complex RNA in 
femtomole quantities. We have found this mi- 
crotechnique to be generally useful in the study 
of genomes of a large number of retroviruses, as 
well as other RNA viruses. It involves specific 
RNase Ti digestion of RNA in small quantities, 
followed by uniform labeling of the RNase-re- 
sistant oligonucleotides at the 5' tennini by 
at a high specific activity. The radioactive oli- 
gonucleotides are separated by a high-resolution 
two-dimensional gel electrophoresis system, and 
the oligonucleotide pattern characteristic of that 
particular RNA sample is visualized by autora- 
diography. The unique oligonucleotides are fur- 
ther characterized by recently developed tech- 
niques for rapid nucleotide sequence determi- 
nation of RNA labeled at a terminal position 
(10,16,32). . 

In this paper we apply these techniques in a 
detailed analysis of the genome of the Akv virus. 
The complete nucleotide sequences of 75 large 
RNase Ti-resistant oligonucleotides accounting 
for a total of 10 to 15% of the genome have been 
detennined. The results of the nucleotide se- 
quence analysis are discussed and correlated 
with the available amino acid sequence infor- 
mation for the viral structural proteins. 

MATERIALS AND METHODS 

Virus isolates. Akv virus produced by an AKR 
embryo fibroblast cell line cloned for spontaneous 
virus production was provided b^Electxo-Nudeonics 
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Laboratories, Inc. (lot no. 5012-29-58 and 5012-47-59). 
Akv virus, chemically induced from an AKR embryo 
fibroblast line and infected onto NIH 3T3 mouse em- 
bryo fibroblasts, was provided by N. Copeland (7). 
The virus-producing cells were grown in Dulbecco- 
modified Eagle medium containing 5 to 10% bovine 
serum. 

Enzymes. RNase Ti was purchased from Calbi- 
ochem (Sankyo). The enzyme was dissolved in 20 mM 
Tris-hydrochloride (pH 8.0)-2 mM EDTA and stored 
at -20°C. The enzymatic activity was determined as 
described previously (25). The number of units of 
enzyme activity determined usually corresponded to 
approximately two times the manufacturer's specifi- 
cations. Bacterial alkaline phosphatase was purchased 
from Boehringer Mannheim Corp. as a suspension in 
3.2 M ammonium sulfate. The precipitate was pelleted 
by centrifugation and dissolved in 0.03 M sodium 
cacodylate (pH 8.0), and the ammonium sulfate was 
removed by passage through a Sephadex G-25 column. 
The enzyme solution was stirred for 1 h at 0°C with 
0.1% diethylpyrocarbonate (Eastman Kodak Co.). The 
diethylpyrocarbonate was removed by extraction with 
ether, and the enzyme solution was stored at — 20°C. 
The phosphatase activity was determined spectropho- 
tometrically as the rate of release of p-nitrophenol 
from a 0.001 M solution of p-nitrophenylphosphate in 
1.0 M Tris-hydrochloride (pH 8.0). One unit is the 
. activity liberating 1 /unol of p-nitrophenol per min at 
25° C (36). The molar absorbance index for p-nitrophe- 
nol in 1.0 M NaCl (pH 8.0) is 1.62 x 1Q\ 

Polynucleotide kinase from T4-infected Esche- 
richia coliwas supplied by P. L. Biochemicals. RNases 
T 2 and U 2 were purchased from Calbiochem (Sankyo), 
and RNase A was from bovine pancreas from Worth- 
in gton Biochemicals Corp. 

A preparation of a mixture of extracellular RNases 
from Physarum polycephalum (2, 26) was provided by 
H. Donis-Keller or prepared by us as a 20-fold concen- 
trate of a cell- and slime-free supernatant of a late 
exponential culture of P. polycephalum. The super- 
natant was concentrated by lyophilization and an- 
alyzed against 10 mM NaOAc, pH 4.5. The enzyme 
preparation was stored in 40% glycerol at -20°C for 
up to 1 year without any loss of activity. 

Preparation of [y-"P]ATP. A simple reproducible 
method for the synthesis of high-specific-activity [y- 
W P]ATP was adapted from existing procedures (15, 
20). [y-^PJATP at a specific activity of about 2,000 Ci/ * 
mmol was prepared by isotope exchange for 20 to 30 
min at room temperature in a solution of the following 
composition: 100 mM Tris-hydrochloride (pH 8.0), 7 
mM Mg(OAc) 2 , 0.5 mM EDTA, 2 mM reduced gluta- 
thione, 0.3 mM 3-phosphoglycerate, 0.4 mM ATP, 1.4 
Ci of triphosphate (New England Nuclear Corp.; 
carrier-free [^PJorthophosphbric acid in 0.02 M HC1, 
lyophilized before use) per ml, 100 mg of 3-phospho- 
glycerate kinase per ml, ancl'500 mg of glyceraldehyde- 
3-phosphate dehydrogenase per ml. The enzymes were 
purchased from Boehringer Mannheim Corp. as a 
mixed suspension at 6 mg/ml in 3.2 M (NfL^zSCV 
Immediately before use, the precipitate was pelleted 
by centrifugation from a 50-/J sample of the enzyme 
-suspension, dissolved in 50 id of 10 mM^Tris-hydro- 
chloride (pH §.0)-2 mM reduced glutathione-0.1 mM 



^-nicotinamide adenine dinucleotide (Sigma), and di- 
alyzed against a solution of the same composition at 
0°C for 15 to 30 min. The incorporation of W P into 
ATP was monitored by ascending thin-layer chroma- 
tography on polyethyleneimine cellulose sheets 
(Brinkmann Instruments Inc.) in 0.75 M KH 2 P0 4 (pH 
3.5), followed by autoradiography. When more than 
50% of the radioactive isotope was incorporated into 
ATP, the reaction was terminated by the addition of 
3 volumes of 7 mM EDTA, followed by extraction 
with an equal volume of phenol (redistilled and satu- 
rated with 10 mM Tris-hydrochloride, pH 8.0). The 
phenol was removed from the aqueous phase by ether 
extraction, and water was added to give a final ATP 
concentration of 25 /nM. The [y- m P]ATP solution was 
stored in aliquots at -20°C and used in the polynucle-' 
otide kinase reaction without any further treatment. 

Isolation of viral RNA. Concentrated virus pellets 
were suspended into 1' ml to a few milliliters of 50 mM 
Tris-hydrochloride (pH 7.5)-100 mM NaCl-1 mM 
EDTA and purified by sedimentation through 0.88 M 
sucrose (30%, wt/vol) in the same solution for 2 h at 
50,000 rpm in an SW50 rotor. The virus pellets were 
disrupted in a solution of 10 mM Tris-hydrochloride 
(pH 7.4), 450 mM NaCl, 45 mMsodium citrate, 1 mM 
EDTA, 10 g of sodium dodecyl sulfate per liter, and 
0.2 mg of proteinase K (E. Merck AG, predigested for 
30 min at 37°C) per ml by incubation for 2 h at 37°C. 

The 70S RNA was purified by centrifugation 
through a linear gradient of 0.44 to 0.88 M sucrose in 
50 mM Tris-hydrochloride (pH 7.5)-100 mM NaCl-1 
mM EDTA-2 g of sodium dodecyl sulfate per liter in 
an SW41 rotor at 38,000 rpm for 120 min at 25°C. 
Gradient fractions containing 70S RNA were located 
by measurement of the absorption at 260 nm, pooled, 
diluted with an equal volume of 600 mM NaCl-60 mM 
sodium citrate, and applied to a column of oligodeox- 
ythymidylic acid [oligo(dT)]-cellulose (Collaborative 
Research, Inc.; T-3; column size, 3-mm inside diameter 
by 15 mm) in 10 mM Tris-hydrochloride (pH 7.5)-300 
mM NaCl-30 mM sodium citrate. The column was 
washed with 5 ml of a solution of the same composi- 
tion, and the RNA was eluted in 0.4 ml of 10 mM Tris- 
hydrochloride (pH 7.4) into a siliconized polypropyl- 
ene microtest tube (Eppendorf). A 40-/il amount of 3 
M NaOAc-(pH 6.0)-0.1 M Mg(OAc)jr0.01 M EDTA 
and then 1.1 ml of 95% EtOH were added, and the 
tube was chilled for 20 min at —70° C. The precipitated 
RNA was pelleted by' centrifugation for 20 min at 
about 10,000 X # in a microcentrifuge, dissolved in 0.4 
ml of water,, and reprecipitated under the same con- 
ditions. The RNA pellet was washed with 200 fd of 
95% ethanol, dried, dissolved in 5 to 10 /il of 20 mM 
Tris-hydrochloride (pH 8.0)-2 mM EDTA, and stored 
at -20°C. The amount of RNA was determined from 
a UV absorption spectrum of an RNA solution, using 
the difference Amo - Aaoo = 1.0 for a solution contain- 
ing 50 jig of RNA per ml in a cuvette of a 10-mm path 
length, where ylaeo and Axn represent the absorbances 
at 260 and 300 nm, respectively. 

For the isolation of 35S RNA, 70S RNA at a con- 
centration of about 100 /ig/ml in 5 mM EDTA (pH 
7.0) was denatured by heating for 5 min at 95°C. Full- 
length polyadenylic acid-containing viral RNA was 
isolated by chromatography of the denatured RNA 
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sample on oligo(dT)-cellulose columns as described 
above, followed by velocity sedimentation in a gradient 
of 0.44 to 0.88 M sucrose in 50 mM Tris-hydrochloride 
(pH 7.5)-100 mM NaCl-1 mM EDTA-2 g of sodium 
dodecyl sulfate per liter in an SW41 rotor at 39,000 
rpm for 270 min at 20°C. The RNA was isolated from 
gradient fractions as described above, using chroma- 
tography on oligo(dT) -cellulose followed by ethanol 
precipitation. 

RNase Ti digestion of viral RNA. Viral RNA at 
a concentration of between 1 and 250 ng/jd was di- 
gested with RNase Ti for 60 min at 37° C in siliconized 
polypropylene microtest tubes (Eppendorf ) in a solu- 
tion of the following composition: 0.5 U of RNase Ti 
per /il and 2.5 x 10~ 4 U of bacterial alkaline phospha- 
tase per /d in 20 mM Tris-hydrochloride (pH 8.0) -2 
mM EDTA. 

32 P labeling of the oligonucleotides. The RNase 
Ti-resistant oligonucleotides were labeled with W P by 
the addition of 3 to 100 fd of the polynucleotide kinase 
reaction mixture directly to the RNase digestion mix- 
ture. The polynucleotide kinase reaction mixture had 
the following composition: 10 mM potassium phos- 
phate (pH 9.5), 10 mM Mg(OAc) 2 , 5 mM dithiothreitol, 
15 fiU [y-^PJATP, and 40 U of polynucleotide kinase 
per ml. The tube was incubated at 37° C for 4 h. The 
labeling reaction was terminated by the addition of an 
equal volume of 0.6 M NH 4 OAc with 2 mg of yeast 
carrier RNA per ml. This mixture was then extracted 
with an equal volume of phenol (distilled and satu- 
rated with 10 mM Tris-hydrochloride, pH 8.0, at room 
temperature). The RNA was precipitated from the 
aqueous phase with 3 volumes of ethanol at — 70°C for 
20 min, pelleted by centrifugation, lyophilized, and 
dissolved in 5 to 15 /il of the gel loading mixture (1 
mM EDTA [pH 7.0], 7 M urea, 0.1% bromophenol 
blue, 0.1% xylene cyanol FF, and 200 jug of yeast carrier 
RNA per ml). A sample of the solution was layered 
onto the first-dimension gel. 

Two-dimensional gel electrophoresis. Two-di- 
mensional gel electrophoresis was carried out by using 
a modification of the system described by deWachter 
and Fiers (9). The first-dimension gel had the dimen- 
sions 40 cm by 20 cm by 0.75 mm and the following 
composition: 10% acrylamide, 0.3% N,7V-methylene- 
bisacrylamide, 6 M urea, and 25 mM citric acid (pH 
3.5). The gel was submerged in electrophoresis buffer 
(25 mM citric acid, pH 1.9), and electrophoresis was 
carried out at room temperature at 1,700 V for about 
2 h until the front dye (bromophenol blue) had mi- 
grated 18 cm. Gel strips (1.5 cm wide) corresponding 
to 4 to 35 cm from the origin were cut out and placed 
between the glass plates for the second-dimension gel. 
The second-dimension gel had the dimensions 40 cm 
by 33 cm by 0.38 mm. The dimension of the second 
gel was deliberately reduced to insure proper mounting 
of the gel strip. The composition of the second-dimen- 
i sion gel was as follows: 22.8% acrylamide, 0.8% TVyST- 
methylenebisacrylamide, and TEB (50 mM Tris-bo- 
rate [pH 8.3], 1 mM EDTA). The gel mixture was 
poured around the strip from the first-dimension gel, 
► which was located parallel to the bottom of the mold 
at a 4-cm distance. Electrophoresis was carried out at 
room temperature in TEB at 500 to 1,500 V until the 
—bromophenol blue marker had migrated'25 cmr Auto r ^~ 



radiography of the gel was carried out with Kodak 
XR-2 film at 4°C or at -70°C with intensifying 
screens. 

Nucleotide sequence analysis. Gel pieces con- 
taining the 5'-labeled oligonucleotides were cut out of 
the second-dimension gels, and the RNA was eluted 
by diffusion for 2 h at 37° C into 200 fd of a solution 
containing 1 mM EDTA (pH 7.0) and 200 /ig of yeast 
carrier RNA per ml. The solution was made 0.3 M 
NaOAc, 0.01 M Mg(OAc)2-0.1 mM EDTA (pH 6.0), 
and the RNA was precipitated with 3 volumes of 
ethanol for 20 min at -70°C, The precipitated RNA 
was pelleted by centrifugation, and the pellets were 
washed with 200 /d of 95% ethanol, lyophilized, and 
dissolved in 10 /d of 20 mM Tris-hydrochloride-2 mM 
EDTA (pH 7.5). 

For nucleotide sequence analysis, a sample of the 
solution of the 5'-labeled oligonucleotide containing 
between 5,000 and 100,000 dpm was added to 35 /d of 
the reaction mixture (10) of 20 mM sodium citrate, 1 
mM EDTA, 7 M urea, 0.25 fig of yeast carrier RNA 
per ml, and 0.025% (wt/vol) of xylene cyanol FF and 
bromophenol blue, adjusted with citric acid to pH 5.8. 
Seven 5-/d aliquots were added to the wells of a micro- 
titer plate (containing 8 x 12 conical wells; Cooke 
Laboratory Products; MC2000). The following addi- 
tions were made to the aliquots: (no. 1) no addition 
(control); (nos. 2 and 3) 1 /Il of RNase A in 20 mM 
Tris-hydrochloride (pH 7.5)-2 mM EDTA at 2.5 and 
0.125 ng//d, respectively; (nos. 4 and 5) 1 jd of RNase 
U2 in the reaction mixture at 0.25 and 0.025 U//d, 
respectively; (no. 6) 1 /d of an appropriate amount of 
Physarum RNases in 10 mM sodium citrate (pH 5.0)- 
50% glycerol; (no. 7) 1 /d of RNase T 2 at 0.005 U//d in 
the reaction mixture. The microtiter plate with the 
aliquots was incubated in a water bath for 1 h at 50°C. 
At this point, the samples were either layered imme- 
diately onto the gel or stored at -20°C before loading. 

For mapping of RNase cleavage sites, we used poly- 
acrylamide gels of the dimensions 40 cm by 31 cm by 
0.75 mm and the following composition (10): 24% (wt/ 
vol) acrylamide, 0.7% (wt/vol) N,iV*'-methylenebis : 
acrylamide, 7 M urea, 50 mM Tris-borate (pH 8.3), 1 
mM EDTA, 0.7 g of ammonium persulfate per liter, 
and 100 /d of N.N^.TV^-tetramethylethylenemamine. 
Each gel contained 30 wells for layering of samples. 
The gel was subjected to pre-electrophoresis for 2 h at 
1,000 V before loading. Electrophoresis was for 5 to 7 
h at 1,300 V until the bromophenol blue marker had 
migrated 19 cm from the origin. For autoradiography 
of the gels, we used a Kodak regular intensifying 
screen and Kodak XR film. 

For the determination of 5'-nucleotides, an aliquot 
of the solution of the 5'-labeled oligonucleotides con- 
taining 1,000 to 10,000 dpm was added to 30 /d of 1.0 
M piperidine, and the RNA was hydrolyzed by incu- 
bation for 10 to 20 h at 50°C. Aliquots (5 *d each) of 
the hydrolyzed samples were applied to polyethylene- 
imine cellulose thin-layer chromatography plates 
(Brinkmann Instruments Inc.). The plates were devel- 
oped in 0.5 M KHaPO*. pH 3.5. The radioactive nu- 
cleotides were localized by autoradiography with a 
Kodak regular intensifying screen and Kodak XR film. 
As markers for the identification, we used 5',3'-nucleo- 
side diphosphates carrying [^pjphosphate groups in "* 
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the 5' position. These were synthesized from 3'(2')- 
AMP, 3'(2')-UMP, 3'(2')-CMP, and 3'(2')-GMP 
(Sigma Chemical Co.) by the T4 polynucleotide ki- 
nase-catalyzed transfer of [ 32 P]phosphate from [y- 
M P]ATP to 3'-nucleoside monophosphates. These re- 
actions were carried out in the polynucleotide kinase 
reaction mixture as described previously in this paper 
for the oligonucleotide labeling. The concentrations of 
3'(2')-nucleoside monophosphates in the labeling re- 
action were 15 /*M. The reactions were terminated and 
phenol extracted as described for the oligonucleotide 
labeling. The phenol was removed by ether extraction, 
and the markers were stored frozen for up to several 
months at -20°C. 

Analysis of homogeneously labeled RNA. 32 P- 
labeled Akv virus was prepared from supernatant me- 
dium isolated from a culture labeled with 32 PO< in low- 
phosphate medium (1). ^P-labeled 70S RNA was iso- 
lated as described above and digested by RNase Ti at 
50 U/100 /ig of carrier RNA in a 10-ptl volume for 30 
min at 37°C (1). 

RESULTS 

Two Akv viruses were used for this study. One 
was derived by induction with iododeoxyuridine 
of a nonproducing AKR embryo fibroblast cell 
line. This virus, here called Akv(I), was grown 
on a line of NIH 3T3 mouse embryo fibroblasts. 
Virus produced by a line of AKR fibroblasts that 
had been cloned and that spontaneously pro- 
duced virus was also used [Akv(S)]. Previous 
work with these cell lines showed that the virus 
produced was ecotropic, N tropic, and fusion 
positive (XC + ) (7, 22). 

Isolation of 70S RNA. We wished to develop 
procedures suitable for the isolation of RNA 
from cultures that produced very low titers of 
virus. The details of the procedure are given 
above and are similar to previously published 
methods (1, 12). The modifications of the stan- 
dard protocols described permit the isolation of 
70S RNA in the 10- to 50-ng range, starting with 
several liters of tissue culture medium contain- 
ing virus in very low titers. 

Analysis of RNA. The methods used in the 
analysis of the RNA include the following steps. 
The RNA is digested to completion with RNase 
Ti. The products of this digestion are oligonu- 
cleotides carrying a single guanosine residue, 
which is located at the 3' end. The external 
phosphate group carried by this residue is sub- 
sequently removed by a bacterial alkaline phos- 
phatase. The oligonucleotides are then radioac- 
tively labeled by [ 32 P]phosphate. For this label- 
ing, we use the T4 polynucleotide kinase (27)- 
catalyzed transfer of radioactive phosphate from 
[y-^PJATP to the 5'-hydroxyl groups of the 5'- 
terminal residues of the oligonucleotides. The 
RNase Ti-resistant oligonucleotides are then 
separated by two-dimensional gelelectrophore- - 



sis, and the patterns of RNase T r resistant oli- 
gonucleotides (termed an RNase T\ fingerprint) 
are detected by autoradiography. For further 
analysis, the 5'-labeled RNase Ti-resistant oli- 
gonucleotide can be eluted from the gel and the 
nucleotide sequence can be determined. 

The successful use of these techniques de- 
pends upon reliable procedures for the following: 
(i) specific RNase T x digestion of high-molecu- 
lar-weight RNA in femtomole quantities; (ii) 
uniform radioactive labeling of RNase Ti-resist- 
ant oligonucleotides; (iii) labeling of oligonucle- 
otides at a high specific activity to allow nucleo- 
tide sequence analysis; (iv) two-dimensional gel 
electrophoresis that permits the detection and 
isolation of a maximum number of unique oli- 
gonucleotides; (v) routine nucleotide sequence 
analysis Of a large number of 5'-labeled oligo- 
nucleotides. 

Although previous methods for this kind of 
analysis (13, 34) exist, we found that none of 
these would satisfy all of the above conditions. 
We therefore undertook the task of redefining 
the conditions for the enzymatic reactions in- 
volved, as well as improving the conditions for 
the fractionation of oligonucleotides. Below we 
shall present, step by step, the details of the 
experimental conditions that we decided upon 
and subsequently illustrate their use in the anal- 
ysis of the genome of Akv virus. 

RNase digestion and phosphatase treat- 
ment. During the studies of conditions for the 
specific RNase Ti digestion of RNA in small 
quantities, we found that the cleanest digestion 
patterns were obtained when we used much 
higher enzyme-to-RNA ratios than were speci- 
fied in the literature for the digestion of RNA in 
microgram quantities (1), As illustrated below, 
we found that an RNase Ti concentration of 0.5 
U//d leads to the specific digestion of high-mo- 
lecular-weight RNA in concentrations ranging 
from 1 to 250 ng/jul under the conditions speci- 
fied above. The bacterial alkaline phosphatase 
is included in the RNase digestion mixture to 
insure the complete removal of the external 
phosphate group of the 3'-terminal residues, as 
wild-type T4 polynucleotide kinase contains a 
3'-phosphatase activity which would lead to a 
partial or complete removal of the 3'-phosphate 
during the labeling reaction (4, 5). If the removal 
of the 3'-terminal phosphate is incomplete, each 
oligonucleotide appears as a double spot. Such 
doublets were observed in reactions lacking bac- 
terial alkaline phosphatase. To inhibit the phos- 
phatase, we include 10 mM phosphate in the 
polynucleotide kinase reaction mixture. Phos- 
phate, at this concentration will completely in- 
hibit the further activity of the phosphatase, but 
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cause only a partial reduction of the polynucle- 
otide kinase activity (11). 

As the efficient labeling of oligonucleotides 
derived from RNA in these quantities requires 
[y-^PJATP in the millicurie range, we prefer to 
use a crude preparation of [y- 32 P]ATP made by 
enzyme-catalyzed isotope exchange. The proce- 
dure for [y- 32 P]ATP synthesis described above 
is adapted from existing procedures to give a 
solution of [y-^PJATP at a high specific activity, 
free of components which might interfere with 
the labeling of the oligonucleotides. The ex- 
change-reaction enzyme mixture, which is stored 
as a precipitate in ammonium sulfate, is dialyzed 
immediately before use to remove ammonium 
ions which are inhibitory for polynucleotide ki- 
nase (27). A phenol extraction is* included after 
completion of the exchange reaction to remove 
the enzymes. We have found that this procedure 
reproducibly leads to the conversion of 50 to 75% 
of the radioactivity into ATP, giving a specific 
activity of approximately 2,000 Ci/mmol. When 
freshly made [y- 32 P]ATP of this specific activity 
is used for the labeling reaction, the amount of 
radioactivity per oligonucleotide is found to be 
approximately 500 dpm per ng of starting ma- 
terial if RNA of a nonredundant sequence of 
about 10,000 nucleotides is analyzed. To termi- 
nate the labeling of the oligonucleotides, we used 
standard procedures (20). To inhibit the poly- 
nucleotide kinase, we added 0.3 M ammonium 
acetate together with yeast carrier RNA. The 
solution was deproteinized by phenol extraction, 
and the RNA was precipitated by ethanol. We 
found that the conditions used here for ethanol 
precipitation led to the efficient precipitation of 
oligonucleotides of all size classes that were of 
interest for the oligonucleotide mapping studies. 

Two-dimensional gel electrophoresis. We 
wished to improve the resolution of the two- 
dimensional gel system developed by deWachter 
and Fiers (9) so that most of the unique RNase 
Tj-resistant oligonucleotides could be obtained 
of sufficient purity to permit sequence determi- 
nation. We also wished to simplify the procedure 
by using our standard electrophoresis equipment 
for nucleotide sequence analysis at room tem- 
perature. Briefly, the modifications of the con- 
ditions of deWachter and Fiers include the use 
of gels of reduced thickness and increased elec- 
trophoretic dimensions to provide better sepa- 
ration of oligonucleotides, increased photo- 
graphic resolution, and shorter electrophoresis 
time. For convenience, no urea is included in the 
electrophoresis buffer in the first dimension. The 
use of a Tris-borate buffer instead of a Tris- 
citrate buffer provides better resolution of oli- 
gonucleotides of 5 to 15 nucleotides in length, as 



has been observed by others (14). 

The use of this high-resolution two-dimen- 
sional gel electrophoresis system makes it pos- 
sible to detect and isolate large numbers of 
unique oligonucleotides, including the longer ol- 
igonucleotides and medium-length oligonucleo- 
tides of unusual nucleotide composition. A ma- 
jority of these oligonucleotides are pure enough 
for nucleotide sequence analysis by the proce- 
dures described here. This method resolves more 
than twice the number of unique oligonucleo- 
tides resolved by the two-dimensional gel system 
of deWachter and Fiers (see below). 

The inclusion of 7 M urea into the second- 
dimension gel mixture might be preferred in 
some cases. A gel of this composition will give a 
better resolution of the shortest oligonucleo- 
tides, and the high concentration of urea will 
reduce the diffusion of oligonucleotides that oc- 
curs upon prolonged storage. The urea-contain- 
ing gels can be frozen and thawed without break- 
age, a feature that is convenient for low-temper- 
ature autoradiography using intensifying 
screens. 

RNase Ti fingerprints of Akv virus. Fig- 
ure la shows an RNase Ti fingerprint of Akv 
RNA obtained by the techniques described 
above. For this experiment, 200 ng of 70S RNA 
was incubated with RNase Ti and bacterial al- 
kaline phosphatase in a 2-/xl volume, followed by 
labeling of the oligonucleotides for 4 h in 50 /d of 
the polynucleotide kinase reaction mixture. A 
schematic diagram of this fingerprint is shown 
in Fig. lb. Approximately 100 oligonucleotides 
were assigned a number. These included oligo- 
nucleotides which were well resolved under 
these electrophoresis conditions, as well as oli- 
gonucleotides which were partially or com- 
pletely overlapping with other oligonucleotides. 
Assuming that all unique oligonucleotides are 
present in equimolar amounts, uniform labeling 
of all 5' ends would lead to an equal amount of 
radioactivity in all well-resolved oligonucleo- 
tides. 

To determine whether a uniform labeling ef- 
ficiency was obtained, the amount of radioactiv- 
ity in individual spots was determined. The 
amount of radioactivity in 41 oligonucleotides 
that were pure species (see sequencing data be- 
low) is shown in Table 1. The mean value of all 
determinations was calculated, and the values 
obtained for the individual oligonucleotides are 
given as a percentage relative to this number. 
The standard deviation was 18.9% of the mean 
value. It should be noted that the values ob- 
tained for the oligonucleotides of the upper right 
comer of the gel were among the highest due to 
the higher background of this part of the gel. 
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Some of the oligonucleotides were clearly vis- 
ible as distinct spots on the autoradiograms, but 
— were difficult to recover completely from the gel " 
without contamination of material from the 
neighboring oligonucleotides. The amount of ra- 



dioactivity in gel pieces containing such groups 
of two or three oligonuc leotid es was determined 
(Table I). Such oligonucleotides include, for ex- 
ample, no. 4A and 4B and 13A, 13B, and 13C. 
Furthermore, our sequence analysis (see below) 
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28 
29 
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59 
60 
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67 
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4A+ 41 
19A + 191 
23A + 231 
26A + 261 
33A + 33I 
40A + 40E 
41+42 
61A + 61E 
64A + 64B 
65A + 65B 
98A + 98B 
99A + 99B 
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Table 1. Determination of the amount of 
radioactivity in oligonucleotides of second- 
dimension gel a 



Oligonucleotide 


cpm 




no. 

_ — 


x 10 -3 


mean value 


oingle 






i 


8.42 


75 




9.8 


88 


3 


9.1 


82 


5 


9.1 


82 


6 


9.1 


82 


7 


9.2 


82 


8 


11.8 


106 


9 


10.8 


96 


10 


9.2 


83 


11 


8.4 


75 


12 


12.7 


114 


15 


9.2 


83 


16 


11.3 


101 


17 


9.8 


88 


18 


10.8 


97 


20 


12.6 


114 


21 


12.9 


116 


22 


9.2 


83 


24 


9.6 


86 


25 


10.7 


96 


27 


10.0 


90 


28 


8.8 


79 


29 


9.1 




31 


14.9 


134 


32 


11.1 


100 


34 


9.4 


85 


35 


10.6 


95 


43 


12.2 


110 


44 


11.4 


103 


46 


12.7 


114 


47 


12,1 


109 


50 


11.0 


99 


56 


14.9 


134 


57 


ND 


58 


9.8 


88 


59 


9.8 


88 


60 
63 


14.7 


132 


13.8 


124 


67 


12.2 


110 


68 


16.9 


152 


69 


14.6 


132 


Double 






4A+ 4B 


20.3 




19A + 19B 


18.8 




23A + 23B 


18.6 




26A + 26B 


15.9 




33A + 33B 


20.4 




40A + 40B 


20.2 




41+42 


21.7 




61A + 61B 


25.7 




64A + 64B 


17.8 




65A + 65B 


16.7 




98A + 98B 


15.4 




99A + 99B 


18.6 




Triple 






13A + 13B + 13C 


29.0 




45A + 45B + 45C 


30.0 




MA + 51B + 51C 


29.1 





Pieces containing radioactive oligonucleotides were iso- 
lated from the gel shown in Fig. 1. The gel pieces were placed 
m 10 ml of Aouasol n (New England Nuclear Corp.), and the 
amount of radioactivity in each sample was determined with 
a Beckman liquid scintillation counter. The mean value of the 
determinations of the amount of radioactivity in the single 
oligonucleotides was 11.0 x 10 3 cpm, and the standard devia- 
tion was 18.9% of this value. ND, Not determined. 

and previous analysis of ^Akv_virus (29) indicated 
that some spots of the fingerprint corresponded 
to two oligonucleotides present in about equal 
amounts. Such oligonucleotides include 19A and 



19B and 23A and 23B. Gel pieces containing 
these oligonucleotides were excised from the gel, 
_ and the amount of radioactivity was determined 
(Table 1). 

This analysis shows that the 5' labeling tech- 
nique leads to a fairly uniform labeling of all 
unique oligonucleotides and that this method 
should permit the distinction between oligonu- 
cleotides present in unimolar quantities and ol- 
igonucleotides represented more than once. This 
degree of variation in the amount of radioactiv- 
ity in individual oligonucleotides found in the 
present study is within the range of variations 
from unimolarity of single RNase Ti-resistant 
oligonucleotides of retrovirus RNA as studied 
by conventional techniques (1). 

To compare the RNase Ti fingerprint ob- 
tained by this technique with a fingerprint de- 
rived by standard techniques, we analyzed 70S 
RNA of Akv virus homogeneously labeled by 
growth in [ 32 P]phosphate-containing medium. 
The radioactive RNA was isolated by the pro- 
cedure used for the isolation of nonradioactive 
RNA. The RNase digestion was' carried out by 
standard procedures (1) after the addition of 
nonradioactive carrier RNA, and the oligonucle- 
otide pattern was analyzed by two-dimensional 
electrophoresis (Fig. 2). If the RNase had the 
same cutting specificity under the two conditions 
and if all oligonucleotides carrying a free 5'- 
hydroxyl group were labeled in the kinase reac- 
tion, then the same oligonucleotides should be 
present in the pattern obtained by the two meth- 
ods. The only exception might be the oligonu- 
cleotide derived from the 5' terminus of the viral 
RNA. If this oligonucleotide were capped, it 
would not contain a free 5'-hydroxyl group and 
should therefore show up only in the fingerprint 
of homogeneously labeled RNA. 

When the patterns of Fig, 1 and 2 were com- 
pared, they were found to be very similar, and 
the identification of corresponding oligonucleo- 
tides of the two patterns was unambiguous. 
Moreover, fingerprints shown here are similar to 
those previously obtained for the homogene- 
ously labeled [ 32 P]RNA by Rommelaere et al. 
(29). The unique oligonucleotides identified by 
these workers are a subset of the unique oligo- 
nucleotides identified here (also see sequence 
data below). However, comparisons of finger- 
prints of uniformly labeled RNA with finger- 
prints of in vitro-labeled RNA show that the 
electrophoretic mobilities of some of the oligo- 
nucleotides are slightly different For example, 
oligonucleotide 4A is reproducibly found to mi- 
grate slightly more to the left in the fingerprint - 
of homogeneously labeled RNA than it does in 
the fingerprint of the in vitro-labeled RNA. 
Other examples are oligonucleotides 33A and 
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Fig. 2. JUVase T, fingerprint of 70S RNA ofAkv(I) homogeneously labeled by * 2 P. The RNase 7\ digestion 
was carried out after the addition of nonradioactive carrier RNA as described in the text. 



33B, which are separated in this fingerprint but 
which overlap in the fingerprints of Fig. 1. Oli- 
gonucleotides 61A and 61B are resolved from 
each other in the fingerprint of homogeneously 
labeled RNA but not in the fingerprint of the 
RNA that was labeled in vitro. 

Such minor differences might be explained by 
the slight differences in the structure of the 
oligonucleotides analyzed by. the two methods. 
RNase % digestion of homogeneously labeled 
RNA will produce an oligonucleotide that has a 
5'-hydroxyl group and a 3'-terminal phosphate. 
In the procedure used for 5' end labeling, oligo- 
nucleotides contain a 5'-terminal phosphate and 
a 3'-terminal hydroxyl group. Some minor dif- 
ferences in the patterns are also observed among 
the oligonucleotides resolved as discrete spots in 
the dense upper middle region of the fingerprint. 
Due to the complexity of the pattern in this 
region, it is not clear whether all of these differ- 
ences represent slight mobility changes or oli- 
gonucleotides unique to one or the other finger- 
print. We conclude, however, that all of the well- 
resolved oligonucleotides of the homogeneously 
labeled RNA are found in the pattern of 5'- 
labeled oligonucleotides and that no good can- 
didate for the oligonucleotide of the 5' end of the 
viral RNA can be identified. 

We note that some of the discrete spots of Fig. 
1 are probably underdigestion products. These 
include 2A and 48, which are present in nearly 
unimolar amounts, and a number of more 
weakly labeled oligonucleotides (for example, 
^the two oligonucleotides between -no.-fi and 13A); - 



We have found that'dehaturation of the RNA 
by heating to 90°C for 5 min before RNase 
digestion leads to a complete disappearance of 
oligonucleotides 2A and 48, as well as most of 
the minor oligonucleotides (Fig."3). On this heav- 
ily exposed autoradiogram only a few minor 
extra oligonucleotides appear. The most heavily 
labeled one is an oligonucleotide between no. 8 
and 13A. This indicates that oligonucleotides 2 A 
and 48, as well as some weak oligonucleotides, 
represent incomplete digestion products con- 
taining RNase Tj cleavage sites, which are pro- 
tected by the secondary structure of the nonde- 
natured RNA. In agreement with this result, we 
have found that oligonucleotide 2A isolated from 
the second-dimension gel contains several 
RNase Ti cleavage sites. 

Fingerprints of very small amounts of RNA 
can be obtained by this method. Figure 4 is a 
fingerprint of Akv RNA derived by digestion of 
2 ng of 70S RNA (approximately 10" 16 mol). 
Digestion was in 2 /d of buffer, and the RNA was 
labeled in 3 /d of the kinase reaction. The second- 
dimension gel contained 7 M urea .to permit the 
exposure of the autoradiogram at — 70° C with 
intensifying screens. The inclusion of 7 M urea 
in the gel accounted for minor changes in the 
mobility of some of the oligonucleotides (com- 
pare Fig. 1 and 4). Incomplete digestion products 
such as spot no. 2A and 48 were much weaker or 
absent when RNase digestion was carried out at 
a very low RNA concentration (compare Fig. 1 
and 4). This result demonstrated that the RNase 
exhibits the same specificity^at this Tlow "concert" ~~ 
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ration of RNA and that the incomplete diges- 
tion products are less pronounced at this con- 
centration of RNA. This would also explain the 
absence of these oligonucleotides from the fin- 
gerprint of homogeneously labeled RNA as this 
digestion was carried out at a low concentration 
of viral RNA. The significance of this protection 
of RNase cleavage sites is not clear. Presumably, 
it represents interactions between two or more 




Fig. 3. RNase T, fingerprint of heat-denatured 
70S RNA of Akv virus. The experimental details were 
as described in the legend to Fig. 1, except the RNA 
sample was heated to 90° C for 5 min in 40 /i/ of water 
and subsequently lyophilized before digestion. The 
film was overexposed to detect all oligonucleotides 
present in less than molar quantities. 



70S structures as the protection was found to be 
dependent upon the concentration of RNA. 

The above results demonstrate that the tech- 
nique of carrier-free digestion of small quantities 
of RNA, followed by 5' labeling of the oligonu- 
cleotide, leads to the detection of all RNase T r 
resistant oligonucleotides and that these are la- 
beled uniformly. Incomplete digestion products 
may be present when a high concentration of 
RNA is used, but these products can easily be 
identified and avoided by dilution or denatura- 
tion or both of the sample. 

To determine whether all of the unique oli- 
gonucleotides detected above are derived from 
the viral genome, rather than from cellular RNA 
copurified with 70S RNA, we isolated 35S viral 
RNA and analyzed it by the same technique. 
Figure 5 shows that all of the RNase T r resistant 
oligonucleotides that were assigned a number in 
Fig. lb were present in the fingerprint of 35S 
RNA. This demonstrated that the 70S RNA 
isolated by the micromethod described above 
was free from any significant contarnination of 
sequences of nonviral origin. For this experi- 
ment, Akv(S) produced by the AKR fibroblast 
line was used. Note that the fingerprint of this 
RNA differs from that of Akv(I) by the presence 
of an oligonucleotide (1*) to the left of oligonu- 
cleotide 1. This difference is also present in the 
fingerprint of Akv(S) 70S RNA. The nucleotide 
sequence of this novel oligonucleotide differs 
from the sequence of oligonucleotide 1 in only 
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the 5'-terminal position (see Table 3). 

Nucleotide sequence analysis. To further 
characterize the Akv virus, we wished to deter- 
mine the nucleotide sequence of unique RNase 
Ti -resistant oligonucleotides purified by the, 
two-dimensional electrophoresis system. Re- 
cently, a number of techniques for sequence 
analysis of tenninally labeled RNA have been 
developed; therefore, such an analysis was fea- 
sible (10, 16, 19, 24). 

Since the RNase Ti-resistant oligonucleotides 
to be analyzed were less than 30 nucleotides long 
and lacked internal guanosine residues, the pres- 
ence of strong secondary structures was unlikely. 
Therefore, we decided to adapt a method based 
upon mapping of cleavage sites for sequence- 
specific RNases under mild denaturing condi- 
tions (10). The procedures described above per- 
mit all of the cleavage reactions to be done under 
similar conditions. The cleavage products are 
mapped by one-dimensional gel electrophoresis. 
These two features make this method suitable 
for the simultaneous sequence analysis of large 
numbers of oligonucleotides. The complete se- 
quence analysis can be carried out with about 
10,000 dpm/oligonucleotide, an amount of radio- 
activity which can be obtained from less than 
100 ng of RNA by the procedures described 
above. 

The cleavage specificities of the RNases used 
for the sequence analysis are listed in Table 2. 
RNases A, U 2 , and T 2 are highly purified com- 
mercial preparations, whereas the P. polyceph- 



alum RNase preparation used here is a crude 
preparation of extracellular enzymes (see 
above). We find that, this enzyme preparation 
(as well as the preparation donated by H. Donis- 
Keller) will cleave all Ap-^N and Up^-N bonds, 
whereas purified enzyme preparations have a 
more restricted specificity (26). Although the 
preparation used here contains all extracellular 
enzymes, the contamination by other RNases is 
insignificant under these reaction conditions. 

For the analysis of the Akv virus genome, the 
unique RNase Tj-resistant oligonucleotides were 
eluted from second-dimension gels in the pres- 
ence of nonradioactive carrier RNA and divided 
into samples which were incubated with the 
various RNases under conditions for partial 
digestion as described above. The cleavage prod- 
ucts were separated according .to chain length 
by electrophoresis in denaturing polyacrylamide 
gels at neutral pH, and the products containing 
the radioactive phosphate group of the 5' end 
were visualized by autoradiography. Examples 
of such autoradiograms are shown in Fig. 6. The 
nucleotide sequences were determined from the 
autoradiogram by using the enzyme specificities 
given in Table 2. Briefly, the sequence deduction 
includes a determination of the chain length 
from the RNase T 2 track, mapping of the aden- 
osine residues by inspection of the RNase U 2 
track, and discrimination of pyrimidine residues 
by inspection of the Physarum RNase track. 
The RNase A tracks serve to support the se- 
quence identification by using the range of cleav- 
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Table 2. Cleava ge specificity of RNases used for nucleotide s equence analysis 



Enzyme 



Cleavage 
specificity 



Comments 0 



Reference 



RNase U 2 



RNase A 



i 

Ap— N 



1 

Pyp — N 



Pharysarum 
RNases 



i I 
Ap— N, Up— N 



Low frequency of cleavage at 

Ap G at the 3'-terminal resi- 
due 



Range of susceptibility of bonds 

n 1 1 1 

Gp— A > Up— A y> Cp— C > 

A I' I 

Up— G » Cp— U > Up— U 



26; our unpublished observa- 
tion 



14 



Ap-N bonds more susceptible than Unpublished observation 



Up— N bonds; high susceptibility 

of Up G and Ap— G at the 3' end 
of oligonucleotides; also weak 
I 

cleavage of Cp— G at the 3' ter- 
minus 



RNase T 2 



1 

Np — N 



17 



* All of the RNases used here seem to have a somewhat altered specificity for cleavage at the 5' terminus. 

solved oligonucleotides, less-than-complete 
agreement between the results of the partial and 
complete sequence analyses (e.g., no. 2 and 5) 
can be explained by inaccuracies associated with 
the method of partial sequence analysis, since 
the precise identification of RNase A digestion 
products of three or more adenosine residues by 
this method is difficult. For the less- well-re- 
solved oligonucleotides, the comparison shows 
that all of the RNase A digestion products pre- 
dicted from the sequences have been detected in 
the previous analysis. However, for a few oligo- 
nucleotides (no. 4A, 30, 31, 41, and 55) the pre- 
vious partial sequence analysis of Rommelaere 
and co-workers (29) led to the detection of ad- 
ditional RNase A digestion products. It seems 
likely that these few extra products which do 
not correspond to the sequences determined 
here are derived from contaminating neighbor- 
ing oligonucleotides. 

Another verification of the nucleotide se- 
quences can be gained from an inspection of the 
mobilities of the oligonucleotides in the two- 
dimensional electrophoresis system. This system 
separates the oligonucleotides according to base 
composition and size. In this system there should 
be a simple relationship between the mobility of 
an oligonucleotide and its base composition. 
When we correlated the base compositions cal- 
culated from the sequences of Table 3 with the 



age specificity given in Table 2. 

As we found that the unambiguous determi- 
nation of the 5'-nucleotides by this procedure 
was difficult, we identified the terminal nucleo- 
tide by a different procedure. The 5'-labeled 
oligonucleotides were subjected to complete al- 
kaline hydrolysis, and the 5'-nucleotide was 
identified by thin-layer chromatography as 
shown in Fig. 7, using radioactive 5',3'-nucleoside 
diphosphates as markers. We found that a 5'- 
terminal cytidine residue was detected as a dou- 
blet by this procedure. This doublet was also 
produced by the complete hydrolysis of 5'-la- 
beled polycytidylic acid. 

Using these procedures, we determined the 
nucleotide sequences of 75 RNase Ti-resistant 
■ oligonucleotides of the genome of Akv virus 
(Table 3). The sequences given were based upon 
at least two determinations of independently 
isolated oligonucleotides. The unique oligonu- 
cleotides of the genome of Akv virus detected in 
previous studies (29) could be identified among 
those characterized here. In the right column of 
Table 3, the oligonucleotide numbers used in 
previous studies are listed together with their 
major RNase A digestion products determined 
in these studies (29). A detailed comparison of 
the results of the partial and complete sequence 
analyses shows that there is good agreement 
between the two sets of data. For the well-re- 
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Fig. 6. Examples of autoradiograms of gels used for nucleotide sequence analysis, (a) Oligonucleotide 25* 
(b) oligonuckotude 17 Samples of the S -labeled oligonucleotides were dSgemJuMBNaSTl^lul 
2?tZZ ™ QSe ' ^ T t **™»^ Pattern was L^R o^S gel 

electrophoresis as described in the text. The identification of the 5 '-terminal nucleotide isbaTedZona 
separate analysis see the text and Fig. 7). Note that the weak band in the Physarum RNase "art al Son 

14 SSSS'S? - « ***** «*~ the adenslnTin^ 

U [of oligonucleotide 25 gives rise to a strong band (see comment in Table 2). Also note in the analysis of 
oligonucleotide 17 that the strong bands in the RNase A tracks represent the cleavage of ball^uTJi 
SSSrS 0 V*"*™ residue The radioactive material located between nucleotide** Tati l Y 0 f Z 
autoradiogram represents an unknown contaminant. 



positions of the oligonucleotides in the finger- 
print, we found the expected correlations be- 
tween mobility and base composition. The oli- 
gonucleotides (e.g., no. 27, 80, 81, 88, and 89) of 
the vertical isoplyth in the left part of the pat- 



tern (Fig. lb) contain no uridine residues. The 
next isoplyth containing oligonucleotides 34, 35, 
36, and 76 contain oligonucleotides of one uri- 
dine residue and so on. In the middle of the 
fingerprint the pattern is more complex; e.g.y the 
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Fig. 7. Autoradiogram of polyethyleneimine cel- 
lulose thin- layer chromatogram developed in 0.5 M 
KHzPOa (pH 3.5), illustrating the method used for the 
determination of 5' -terminal nucleotides. The origin 
of the chromatogram is at the bottom. The lane 
marked with an "M" contains a mixture of 5',3 t - 
nucleoside diphosphates. The numbers of the oligo- 
nucleotides used for the analysis are shown at the 
top. The assignments of the 5' -nucleotides are as 
follows: no. 24, cytidine; no. 25, cytidine; no. 28, 
adenosine; no. 23, a mixture of two oligonucleotides, 
one carrying a 5' -terminal adenosine residue and the 
other carrying a 5' -terminal uridine residue. 

.isoplyth of six uridine residues contain oligonu- 
cleotides 2, 98A, 98B, 99A, 99B, 8, 18, 47, 56, and 
63. 

The exact location of the oligonucleotides 
within the isoplyth is dependent upon its relative 
content of cytosine and adenosine. The cytidine- 
rich oligonucleotides are found within the upper 
left part of the isoplyth, and the adenosine-rich 
oligonucleotides are found in the lower right 
part. For example, oligonucleotide 28 (1 uridine 
residue, 10 adenosine residues, and 2 cytidine 
residues) is found next to oligonucleotide 29 (2 
uridine residues, 9 cytidine residues, and 1 aden- 
osine residue). The use of these rules makes it 
possible to determine whether the uridine con- 
tent of an oligonucleotide is consistent with its 
position in the fingerprint. The migration differ- 
ences associated with the variation in the rela- 
tive content of cytidine and adenosine are less 
pronounced, but also useful in this control. With 
only two exceptions, the mobilities of all oligo- 
nucleotides were those predicted by the above 
rules from their length and base composition as 
determined from Table 3. The first exception 
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was oligonucleotide no. 49 (14 nucleotides long), 
which was found next to oligonucleotide 55 (13 
nucleotides long). However, we found that oli- 
gonucleotide 49 moved relatively slower in the 
second dimension when the electrophoresis was 
carried out at a higher temperature. This varia- 
tion in mobility can be explained by the presence 
of a secondary structure of this oligonucleotide. 
One such structure containing three adenosine- 
uridine base pairs and one cytidine-guanosine 
base pair can be predicted from the nucleotide 
sequence (Table 3). The second exception in- 
volved the relative positions of oligonucleotides 
34 and 35. These two oligonucleotides were 
found to be of identical chain length. Although 
oligonucleotide 35 was found to the upper left of 
oligonucleotide 34, the determined sequence in- 
dicates that no. 35 is richer in adenosine and 
poorer in cytidine residues than is no. 34. The 
reason for this discrepancy is not clear. 

With the exception of this one case, we found 
that all of the oligonucleotide sequences deter- 
mined here were consistent with the migration 
of the oligonucleotides, as well as with the pub- 
lished nucleotide sequence information for Akv 
virus. We therefore believe that the rapid 
method of partial RNase digestion, foDowed by 
one-dimensional electrophoresis, leads to the de- 
termination of correct sequences for RNase T r 
resistant oligonucleotides. 

DISCUSSION 

In this study we analyzed the RNase Ti fin- 
gerprints of the genome of Akv virus. The two 
virus isolates studied here were identical except 
for a minor heterogeneity in Akv virus sponta- 
neously produced by an AKR embryo fibroblast 
cell line. This heterogeneity, detected as the 
presence of two oligonucleotides of related nu- 
cleotide sequence (no. 1 and no. 1*), may repre- 
sent a slight difference between the provirus of 
the two loci Akv-1 and Akv-2. This variation 
may also represent a special feature of the par- 
ticular ceU line used rather than a reproducible 
difference between the two loci. We also ana- 
lyzed the genome of AKR pll, a cloned Akv 
isolate derived by Nowinski and co-workers (22), 
and found that the RNase T x fingerprints of this 
isolate are indistinguishable from the Akv(I) 
fingerprint. 

In a previous study, Rommelaere et al. (29) 
analyzed the genome of endogenous AKR virus 
at the two loci Akv-1 and Akv-2 and found that 
the two viruses were indistinguishable. The oli- 
gonucleotide pattern of the virus shown here 
contains all of the unique oligonucleotides ana- 
lyzed by these authors. However, due to the 
improved two-dimensional gel electrophoresis. 
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Table 3. Nucleotide sequence of RNase T^-resistant oligonucleotides of Akv virus 0 



Oligo- 
nucleo- 
tide 



Previous analysis (29) 



Nucleotide sequence 



Chain 
length 



Oligo- 
nucleo- 
tide 



Major RNase A 
digestion products 



1 UCUCUCCCAAACUCUCCCCCUCUCCAACG 
r ACUCUCCCAAACUCUCCCCCUCUCCAACG 

2 CUCUUACCCCCUCUAUAAAACCCAG 

3 UCCUCACCACCCACCAG 
4A UCCCUAAAACCCAUCAAG 

4B ACAAAACCCUCCAAUAUG 

5 UCCAUAAAACAAUACCCCAUG 

6 AUACAUCCACUCUCCUUAUAG 

7 CCACCUUACUCCCUCUCCCG 

8 UAUCUCAACCACCAUACUUG 

9 UACCUACUCCAACCAUACUUCUG 

10 ACACCCCUCACCCUCCCCG 

11 CCUUCAAACUCCACCCCAACCG 

12 CUCGCAUCCUCCCAUCCG 
13A CAACUCCUUAACUAUCCG 
13C AYUCUAACUAAA YUAACG 

15 AAAAAUAAUAAUCCUUCCUUCUCUG 

16 UCACUCACUCUUUCCUCCAUG 

17 CUCCUUUUUCUCCUCCCCCG 

18 AUCUACUAUUCCUAAAAG 

20 ACUUCAUAUACUCCCCG 

21 CAACAAUCUAACCUCAG 

24 CCCUCAACCUCACCAG 

25 CUAAAACAACAACAG 

27 ACCACCCCCACCG 

28 AAAUCAAAAACAAG 

29 C AACCUCCACCCCUG 

30 AUAAAACCAUCAUG 
31* UUCCAACAACUCCAG 

32 CCCCCUCUCCCAUAG 

33 ACACCUAUAACCAG 

34 AACCCCACACUCG 

35 AACCACCCAACUG 

36 AAAUCAAACAG 

, 37A CUCACCCACCUCG 

40A ACCCUCUAAACCUUAG 

41 CCACCUCCACUUCUG 

42 AU AUCCACCAUCAUG 

43 UUAACUAAACUAAAAG 

44 UCCAUCACUAAUCUAG 

46 UUUUUAACCUCACCUG 

47 UUUACCACCAAUUUG 

49 AUCUUUAAUAAAAG 

50 CCUAUUUCCAUUAUACUG 
51A CUUCUAAAAACAUG 

52 AAUUAACUAAUAG 

54 CUUUCCCACUCCG 

55 AUCUAUAUAACUG 

56 AAUCCUUCUAUUG 

57 UUAAUUUUACUCUUUG 

58 UACUUUUAAUUUG 

59 CAUCUACUUUUUG 

60 UUUUCCUCCUCUG 

62 UUAUUCARCUG 

63 AUUUUAUUCAG 
66A UUCUCUACUG 
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Table ^Continued 



Oligo- 
nucleo- 
tide 
no. 



Nucleotide sequence 



Previous analysis (29) 
Chain Oligo- 

length nucleo- Major RNase A 
tide digestion products 



67 

68 

69 

70A 

70B 

73 

74 

75 

76 

78 

79 

80 

61 



98A 
98B 
99A 
99B 



UUCUUUUAG 

AAUUUUUG 

UUUCUAUG 

UUUUUCG 

CUUUUUG 

UUUCAAAAACAG 

UUCACCACCCUG 

AUAUAAAAAG 

UCUCCAAAACG 

A AU A A A AG 

CCCCCCCCUG 

AAAAACAAG 

ACCCCCCCG 

ACCAAAAG 

CCCCCACCAG 

CCA A ACCCCG 

^CUCAAAACCCUUUAAAAAUCAG 
ACUCAACAAUAUCAUCAACUUARG 
CYCAAUCCUUAUAACCUCCUAAG 
CCUCAUUUAAACUAACCAAUCAG 



9 
8 
8 
7 
7 
12 
12 
10 
11 
8 
10 
9 
9 
8 
10 
10 
24 
24 
23 
23 



system used here, we detected a number of 
unique oligonucleotides not previously analyzed. 

In the course of these studies, we encountered 
persistent problems in the maintenance of ho- 
mogeneous stocks of Akv virus. The fingerprint 
patterns of the RNA were not constant. Upon 
continued passage of persistently infected cell 
lines, oligonucleotides that were present in the 
genome in unimolar amounts were greatly de- 
^aieased and other oligonucleotides appeared. 

borne of the new oligonucleotides appeared in 
^ virus stocks that had independent passage his- 
tones. Such changes were noted with viruses 
harvested from AKR cells, as well as with cloned 
: viruses propagated in NIH 3T3 cells. The viruses 
used for the analysis here were obtained from 
stocks of viruses that did not have long tissue 
culture passage histories. A hint of this problem 
j-was observed in the fingerprint of the 35S RNA 
, of toe virus that was spontaneously produced bv 
fan AKR cell line (Pig. 5). Oligonucleotides 8 and 
9 were present in less than molar quantities. We 
tound that virus derived by chemical induction 
of non-virus ; producing AKR cells that was prop- 
agated on NIH 3T3 cells was the best source of 
Homogeneous RNA. 



1 



sequence of 75 unique RNase T r resistant oli- 
gonucleotides of the genomes of Akv virus. To 
assign some of these sequences to specific viral 
genes, we correlated the nucleotide sequences 
obtained here with the amino acid sequences of 
virus-coded proteins available in the literature 
(23). These sequences include the N- terminal 
sequences of gag gene-coded proteins pl2, p30, 
and plO. The match between the amino acid 
sequence and the sequence of the RNA are listed 
below. 

M 19 
p30 Pro - Phe - Ser - Ser - Ser - Asp 
Oligomi- 60 G UUU UCC UCC UCU G 
cleotide 

The amino acid sequence of p30 in positions 
13 to 18 corresponds to the nucleotide sequence 
of oligonucleotide no. 60. The NH 2 -terminal 
amino acid sequence of pl2 corresponds to the 
sequence of oligonucleotide 2, except our nucleo- 
tide sequence would predict an isoleucine resi- 
due instead of leucine at position 7. The identi- 
fication of the adenosine residues in the first 
position of the isoleucine codon is certain in our 
determination. 



ni . . ^ Pl2Pro-Ala -Leu -Thx -Pro -Ser -He - Lys -Pro - aL 
Ohgonucleotzde 2 GCU CUU ACC CCC UCU AUA AAA CCC AG 



In this study we determined the nucleotide Whether this difference is due to an error in the 
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amino acid sequence analysis or to a difference 
between the strains of virus used is not clear. An 
isoleucine residue in position 7 has been found 
in pl2 of a closely related virus, radiation murine 
leukemia virus (S. Orozlan, personal communi- 
cation). 

The homologs of virion proteins p30 and plO 
of different strains of murine leukemia virus are 
known to share structural similarities (3, 23). 
Since extensive amino acid analysis of the pro- 
teins has been carried out for Rauscher murine 
leukemia virus (S. Orozlan, personal communi- 
cation), we analyzed our oligonucleotide se- 
quences for a possible correspondence with the 
amino acid sequence of p30 and plO of this virus. 
The amino acid sequence of positions 19 to 23 of 
Rauscher murine leukemia virus p30 corre- 
sponds to the sequence of oligonucleotide 55, as 
follows: 

19. 23 
p30 Asp -Leu - Tyr - Asp - Trp 
Oligonucleotide 55 GAU CUA UAU AAC' AG 

It is noteworthy that this overlap would place 
oligonucleotide 55 next to oligonucleotide 60 in 
the genome. The nucleotide sequence of oligo- 
nucleotide 49 corresponds to an amino acid se- 
quence of the C-terrninal region of p30, as fol- 
lows: 



p30 Lys - lie - Thr - Asp - Lys - Arg 
Oligonu- 49 G AUC UUU AAU AAA AG 
cleotide 

In agreement with these overlaps, we have 
found that oligonucleotides 2, 49, 55, and 60 are 
all derived from the 5'. part of the genome (17a; 
unpublished observations), the region expected 
to carry the gag gene. 

The methods used here for the analysis of the 
genome of Akv virus are generally useful for the 
analysis of RNA in small quantities. Conditions 
are defined for the specific RNase Ti digestion 
of RNA of a high complexity in nanogram quan- 
tities and for the uniform labeling of the diges- 
tion products. The high-resolution gel electro- 
phoresis system described provides the resolu- 
tion of a large number of unique oligonucleotides 
into a pattern characterized for that particular 
RNA species. Furthermore, we describe a pro- 
cedure for the isolation of small quantities of 
pure viral RNA from retroviruses. This isolation 
procedure should be generally applicable for the 
isolation of RNA from viruses containing a 3'- 
terminal polyadenylic acid sequence of the ge- 
nome. The requirement of only nanogram 
amounts of RNA for these methods makes them 
suitable for studies of a variety of problems in 
the biology and classification of RNA viruses 
grown in tissue cultureor isolated directly from- 
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animal tissues. For example, we have used these 
methods in the study of the genomic variation 
of influenza virus (8). 

The 5'-terminal location of the radioactive 
label makes subsequent characterization of the 
unique oligonucleotides by a partial or complete 
nucleotide sequence analysis feasible. In this 
study we used the method based upon the anal- 
ysis of products produced by partial digestion 
with sequence-specific RNases. As described 
here, the method permits the nucleotide se- 
quence analysis of 50 to 80 unique oligonucleo- 
tides in RNA of a nonredundant sequence of 
about 10,000 nucleotides. Under optimal condi- 
tions this analysis could be carried out with 20 
to 100 ng of starting material. The sequencing 
method used here has been selected because of 
its simplicity, which makes it possible to analyze 
all unique RNase T r resistant oligonucleotides 
of one fingerprint in parallel. Although the 
method used here may have an error frequency 
higher than more elaborate methods, we find 
that nucleotide sequences determined by this 
procedure are useful for the following: (i) corre- 
lating amino acid sequences and nucleotide se- 
quences as discussed above; (ii) detecting iden- 
tical or related oligonucleotide sequences in dif- 
ferent RNA samples (17a, 31); and (iii) correlat- 
ing oligonucleotide sequences with the results of 
DNA sequence analysis. * 
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